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ABSTRACT

Ethridge, Austin. Gold-Silver Core-Shell Nanoparticle Growth; Studies Towards the
Development of Biosensing Applications. Unpublished Master of Science thesis,
University of Northern Colorado, 2018.

Gold and silver nanoparticles have been used since antiquity because of their
unique optical properties (Amendola, Pilot, Frasconi, Mrago, & Lati, 2017) . These
properties are related to a phenomenon called localized surface plasmon resonance
(LSPR), which is the collective oscillation of electrons located within the conduction
band of a metal upon excitation by light at a specific frequency (Amendola et al., 2017).
The extinction cross section, which defines the amount of incident light scattered or
absorbed by a solution, that is related to the LSPR of gold and silver nanoparticles is up
to five times greater than those of standard organic dyes (Jain, Lee, El-Sayed, & ElSayed, 2006). In addition, the LSPR of gold and silver nanoparticles is highly tunable
with changes in the morphology (Jain et al., 2006) or the dielectric environment (Evanoff,
& Chumanov 2004). Gold and silver nanoparticles have thus been developed for
biosensing applications. However, many of these methods still remain limited in terms of
sensitivity and use (Rodriguez-Lorenzo, De La Rica, Alvarez-Puebla, Liz-Marzan, &
Stevens, 2017). One recent and promising candidate comes in the form of gold-silver
core-shell nanoparticles; this is due to their unique LSPR modes that undergo a
significant band shift upon deposition of the silver shell (Zhang, Chen, & Li, 2015). The

iii

research covered in this work looks at the optimization of several key properties related
to the deposition of a silver shell onto a gold core that are necessary for biosensing
applications. This includes the reproducibility of the gold-core synthesis, the
development of a gold seed purification method, the kinetic study of the silver shell
deposition, and the observable features of the silver shell growth in the presence of
citrate. Finally, the feasibility of this method is also investigated with a “proof of
concept” application in which four plant-based polyphenols are used to reduce a silver
shell on a gold core.
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CHAPTER I
INTRODUCTION
Gold and silver nanoparticles have been used for thousands of years for their
unique optical properties. One of the first known instances was the Lycurgus Cup, dating
back to the 4th century, in which gold and silver nanoparticles were used as coloring
agents within the glass (Amendola, Pilot, Frasconi, Marago & Lati, 2017). Gold
nanoparticles, in particular, have received a considerable amount of attention. Michael
Faraday in the 1800’s was able to relate the small size of the gold nanoparticles to their
optical properties, by comparison to bulk gold metal (Faraday, 1857) Based upon the
observations of Faraday, Gustav Mie used gold nanoparticles to develop a theory
defining the interaction of light with the surface electrons of these nanostructures (Mie,
1908). Mie theory describes a phenomenon termed Localized Surface Plasmon
Resonance (LSPR), in which light, of a certain frequency, resonates with the electrons
located within the conduction band at the surface of these nanoparticles (Horvath, 2009).
LSPR results in a significant absorbance of incident light at wavelengths specific to the
dielectric properties of the nanocrystals and their respective environments (Kelly,
Coronado, Zhao, & Schatz, 2002).
Gold and silver nanoparticles have been the subject of intensive research related
to the dependence of their LSPR properties upon their dielectric environment (Kelly et
al., 2002). More specifically, an LSPR response associated with the addition of analytes
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such as enzymes, antigens or biomarkers has been observed (Amendola et al., 2017).
However, these techniques can still have limited sensitivity and use (Amendola et al.,
2017). Moreover, the signal associated with very low concentrations of analyte may be
correspondingly small, resulting in relatively high limits of detection (RodriguezLorenzo, Rica, Alvarez-Puebla, Liz-Marzan & Stevens, 2012).
Currently, the most common biosensing techniques are enzyme-linked
immunosorbent assays (ELISA), polymerase chain reactions (PCR), and fluorescent in
situ hybridization techniques (FISH) (Howes, Chandrawati & Stevens, 2014). However,
these methods are labor intensive and time consuming, requiring numerous steps and
extensive preparation (Howes et al., 2014). Thus, there is significant potential in
developing analytical techniques that utilize the relatively simple preparation associated
with LSPR-based biosensors, while maintaining sensitivity at a level that is comparable
to the current standards for biomolecular research (Howes et al., 2014).
Currently, LSPR-based biosensing research is being conducted on gold-silver,
core-shell nanoparticles. These core-shell nanoparticles have garnered additional interest
because of the tunability associated with their LSPR band (Arnold, Blaber & Ford, 2014).
One example includes the monitoring of UV-Visible absorbance as a silver shell is
deposited onto a gold core in the presence of a reducing agent that is the oxidative by
product of alkaline phosphatase (Willner, Baron, & Willner, 2006). Another example
follows the increase in absorbance associated with a silver deposition onto gold nanostars
in the presence of prostate-specific antigen (PSA) (Rodriguez-Lorenzo et al., 2012).
More research still needs to be done to improve the preparation and response of
gold-silver core-shell nanoparticles in their applications for biosensing. These core-shell
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nanoparticles are very sensitive to changes in their synthetic procedure, which presents
significant challenges in their reproducibility. (Howes et al., 2014). In addition, continued
investigation into the silver shell formation is important for its application to quantitative
analysis (Howes et al., 2014).
The research covered herein aims at further studying the properties associated
with the deposition of a silver shell onto a gold core. This was accomplished first with
studies that optimized the reproducibility of the gold core nanoparticles synthesis and
their purification. The silver shell deposition was then examined by observing the
changes in the UV-Visible spectra as the silver shell thickness increased, and with kinetic
studies by direct methods (Atomic Absorption) and indirect methods (LSPR absorbance),
in an attempt to distinguish between the growth of the silver shell and possible
independent silver nucleation. Quantifiable relationships between the silver shell
formation and the silver ions reduction were identified in the presence of sodium citrate
as the reducing agent. There, a method of quantification involving a blue-shift in the
LSPR peak was further examined. Finally, a “proof of concept” application was
developed with a series of plant-based antioxidants that were used to deposit silver onto
the gold cores. The goal of these experiments was to establish a framework by which the
growth of a silver shell onto a gold core may be applied as a possible biosensing
technique, which could be used as a stepping stone for more complex and clinically
relevant analyses.
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CHAPTER II
LITERATURE REVIEW
Gold Core Preparation
Gold nanoparticles have been studied extensively, mostly as a result of their
unique properties that are distinct from bulk gold metal. Due to this widespread scientific
interest, there are several reported methods for their synthesis. These methods include
both gas-phase syntheses and liquid-phase syntheses (Kumar, Gandhi, & Kumar, 2007).
The gas-phase gold nanoparticle synthesis techniques require a high energy source, such
as a high-intensity laser for the vaporization of the synthetic precursors, thus making
these techniques difficult to reproduce and expensive (Kumar et al., 2007). For this
reason, the liquid phase synthetic methods tend to be more highly utilized. One of the
earliest methods for gold nanoparticle synthesis was first reported by Turkevich in 1951
(Turkevich, Stevenson, & Hiller, 1951). The Turkevich method, as it is now called,
utilizes boiling trisodium citrate (Na3Ct) as both the reducing agent and the stabilizing
agent and results in reasonably monodisperse, well-stabilized, and non-toxic gold
nanoparticles (Kumar et al., 2007). Even though this method dates back to the 1950’s, it
is currently the most commonly utilized synthetic method for gold nanoparticles, due to
its reliability, simplicity, and environmentally friendly nature.
The Turkevich synthesis method for gold nanoparticles is simple, however the
mechanism of the Na3Ct mediated reduction is quite complex, with associated

5
mechanistic research still taking place into the early 21st century. Shortly after the method
was first reported by Turkevich, Frens identified the significance of the Na3Ct on the
corresponding gold nanoparticle size, reporting that greater Na3Ct to chloroauric acid
ratios resulted in a smaller average gold nanoparticle diameter (Frens, 1973). At the time,
Frens hypothesized that this trend was the result of an increased nucleation rate, which
consumes a greater amount of the gold precursor in the initial monomer aggregation
phase (Frens, 1973). Thus, leaving less of the gold precursor to be contributed towards
the growth of the nuclei (Ji et al., 2007). This lead to an extensive amount of research
dedicated to understanding this mechanism in greater depth.
The reaction mechanism for the reduction of Au(III) by Na3Ct is complex, with
the initial oxidation of the Na3Ct occurring only at temperatures that are greater than
eighty degrees Celsius (Kumar et al., 2007). This initial oxidation of Na3Ct yields two
electrons, contributing to the formation of Au(I) from Au(III), and forms the oxidative
byproduct dicarboxyacetone (DCA). DCA then acts as a molecular mediator for the final
conversion of Au(I) to Au(0), which occurs as several DCA molecules complex multiple
Au(I) ions, as can be seen in Figure 2.1.B. As this complex forms, the disproportionation
of Au(I) to Au(0) and Au(III) occurs, and the minimum stoichiometry of this reaction is
about 1.5 Na3Ct to Au(III). The oxidation of Na3Ct to reduce Au(III) to Au(I) then Au(0)
and to form DCA is repeated to form gold monomers, which aggregate and form nuclei.
These nuclei continue to grow until a critical size is reached, at which point the
disproportionation of Au(I) to Au(0) begins to occur on the surface of the gold
nanoparticles (Kumar et al., 2007).
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Figure 2.1. (A) The trend in gold nanoparticle size as a function of the Na3Ct to gold
precursor ratio. (B) An illustration of the DCA-Au complex (Kumar et al., 2007).
Reprinted with permission from the American Chemical Society.
Recent work has identified that Na3Ct has three primary functions within the
Turkevich method. These functions are first as the reducing agent, second as the pH
mediator, and third as the stabilizing agent (Ji et al., 2007). In addition, the oxidative
byproduct of Na3Ct, DCA, has been identified as essential for the disproportionation of
Au(I) to Au(0) and Au(III) during the nucleation step of the synthesis (Kumar, et al.,
2007). Kumar and coworkers (2007) developed a model to predict the size of gold
nanoparticles that result from syntheses at various Na3Ct : Au(III) ratios, as illustrated in
Figure 2.1.A . This was done by isolating three primary mechanistic steps. The first is the
thermal oxidation of Na3Ct to form DCA, the second is the reduction of Au(III) to Au(I),
and the third is the disproportionation of Au(I) to Au(0) and Au(III) and is facilitated by
the DCA molecules produced in the first step (Kumar et al., 2007). This model also
includes the consideration of the thermal decomposition of DCA to acetone, which
indicates that at elevated Na3Ct levels, the DCA concentration will pass through a
maximum as the reaction progresses. The model developed by Kumar and coworkers, in
addition to experimental results spanning the past five decades, indicate that at Na3Ct:
Au(III) ratios of less than 1.5, the resulting gold nanoparticles will exhibit larger overall
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diameters and a greater dependence on the specific Na3Ct : Au(III) ratio. However,
beyond the ratio of 1.5 Na3Ct : Au(III), the overall nanoparticle diameter is smaller, and
the dependence of the gold nanoparticle diameter upon the Na3Ct: Au(III) is very low
(Kumar et al., 2007). This trend is based primarily upon the role of Na3Ct as a reducing
agent, and its subsequent production of DCA. At the lower Na3Ct: Au(III) ratios, Na3Ct
acts as the limiting reagent. This results in a longer reaction time and a larger overall size
for the gold nanoparticles, the larger size being the result of a low DCA concentration
maxima throughout the course of the reaction that directly relates to a lower instance of
nucleation. A lower number of nuclei leaves a greater amount of the Au(III) to be
reduced on the surface of the existing nuclei, leading to a greater occurrence of growth
and an increase in the overall polydispersity (Kumar et al., 2007). As the Na3Ct : Au(III)
ratio increases up to and beyond 1.5, the DCA concentration at the maximum increases
proportionally, leading to a greater nucleation rate and a lesser amount of growth, as is
limited by the amount of Au(III). In addition to the smaller nanoparticle sizes, the
polydispersity decreases with the increased nucleation rate (Kumar et al., 2007). Shortly
beyond the ratio of 1.5 Na3Ct : Au(III), the dependence upon the ratio and the overall
nanoparticle diameter becomes significantly less. This is a result of the nucleation rate
attaining the maximum that is limited by the quantity of Au(III) (Kumar et al., 2007).
The effect of DCA on gold nanoparticle synthesis extends beyond the citrate
concentration. Ojea-Jimenez and coworkers (2011) investigated the significance of the
order of reagent addition (Ojea-Jiménez, Bastús, & Puntes, 2011). The standard
Turkevich method entails bringing the Au(III) solution to temperature under reflux, then
injecting Na3Ct into the solution (Ojea-Jiménez et al., 2011). However, by altering this
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sequence, the Na3Ct is allowed to boil, which increases the concentration of DCA due to
thermal decomposition of the Na3Ct (Ojea-Jiménez et al., 2011). As was established
previously, the DCA is critical for the nucleation of Au(III); by increasing the
concentration of DCA, the nucleation rate increases and thus reduces the polydispersity
of the gold nanoparticles. Ojea-Jiménez et al. provided further evidence, indicating that
elevated DCA levels within the Na3Ct precursor solution up to 10% leads to an increased
rate of nucleation. However, when this percentage of DCA within the Na3Ct precursor
solution is exceeded, the resulting gold nanoparticles exhibit a larger overall size and a
greater polydispersity (Ojea-Jiménez et al., 2011). This is indicative of the significance of
Na3Ct as a reducing agent within the precursor solution (Ojea-Jiménez et al., 2011). This
method, now called the inverse Turkevich method, reduces the overall polydispersity of
gold nanoparticles as a result of promoting the thermal decomposition of Na3Ct to DCA
(Ojea-Jiménez et al., 2011). This work is significant for the production of gold
nanoparticles used in a variety of applications for which low-polydispersity is necessary.
Gold nanoparticles are used for a variety of different applications such as drug
delivery, biosensing and catalysis. Within each of these applications, it is significant to
both understand and control the chemistry at the surface of the gold nanoparticles. Recent
work has been conducted to examine both the adsorption of the Na3Ct on the surface and
the subsequent influence on the surface chemistry. The presence of Na3Ct adsorbed onto
the surface of gold nanoparticles directly impacts the zeta potential, a term which defines
the stability of the gold nanoparticles (Ji et al., 2007). Adequate adsorption of sodium
citrate onto the surface of the gold nanoparticles prevents them from aggregating to their
thermodynamic minimum bulk metal (Ji et al., 2007). The binding of the Na3Ct to the
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surface atoms on the gold nanoparticles is mediated by the oxygens of the acetate
functional groups in the citrate polyatomic ion (Al-Johani et al., 2017). The citrate
polyatomic ion has three acetate functional groups, each with a sodium ion, in Na3Ct (AlJohani et al., 2017). The predominant Na3Ct binding modes, as identified using carbon-13
cross-polarization magic-angle spinning nuclear magnetic resonance spectroscopy 13C
CP/MAS NMR (Figure 2.2), are 1kO1 with a single oxygen binding to one gold atom on
the surface; µ2-1kO1: 2kO3, with both oxygen atoms within a single carboxylate
functional group binding to two adjacent gold atoms; and µ4-1kO1: 2kO3 : 3kO1: 4kO3,
with two carboxylates bridging a total of four adjacent gold atoms on the surface of the
gold nanoparticles (Al-Johani et al., 2017). At room temperature, interconversion
between these binding modes is allowed. However, at low temperatures (<100K), this
interconversion is prohibited, and it is possible to observe the favored binding mode at
specific citrate concentrations. At Na3Ct : Au ratios less than one and at lower
temperatures, the µ4-binding mode is favored, indicating less crowding at the surface of
the gold nanoparticles. However, as the Na3Ct : Au ratio begins to increase, the surface
becomes more crowded and the k1-binding mode, meaning that the citrate binds through
a single oxygen, displays a greater contribution to the overall binding mode (Al-Johani et
al., 2017). These observations indicate that the surface chemistry is dependent upon
Na3Ct concentration. Moreover, the nature of the binding interaction has been identified
by following the sodium-23 multiple quantum, low-temperature solid state nuclear
magnetic resonance spectroscopy MQMAS SSNMR and high-resolution X-ray photon
spectroscopy (XPS) (Al-Johani et al., 2017). Based upon the chemical shift of the sodium
as the Na3Ct binds to the gold atoms on the surface of the gold nanoparticles, there is a
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significant indication that the oxygens bind as 2-electron donor, L-type ligand that allows
each citrate molecule on the surface to be in coordination with three sodium ions
regardless of the binding mode (Al-Johani et al., 2017), thus further demonstrating that in
addition to citrate, sodium is also integrated into the hydrodynamic binding layer
surrounding the gold nanoparticles.

Figure 2.2. Diagram of the Na3Ct binding modes on the surface of gold nanoparticles
(Al-Johani et al., 2017). Reprinted with permission from Springer Nature.
The surface chemistry of gold nanoparticles is significantly impacted by the
amount of surfactant. A study conducted by La Spina and coworkers examined the
impact of washing gold nanoparticles prepared with the Na3Ct method, by using a ligand
substitution technique (La Spina, Spampinato, Gilliland, Ojea-Jiménez, & Ceccone,
2017). The gold nanoparticles dispersed in the residual Na3Ct indicated a minimal surface
availability for the substituting thiol ligand. There was only a 50% monolayer thiolligand coverage of the unwashed gold nanoparticles, as opposed to a 90% monolayer
thiol-ligand coverage for the washed gold nanoparticles (La Spina et al., 2017).
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The significance of the excess, residual Na3Ct extends beyond ligand substitution.
As a result, various washing methods have been proposed to remove the excess Na3Ct
while still maintaining the stability of the citrate-capped gold nanoparticles (La Spina et
al., 2017). The two primary washing methods are dialysis and centrifugation, as both are
relatively simple, reproducible and cost effective (La Spina et al., 2017). The
centrifugation-based technique, however, has been demonstrated to exceed the dialysisbased techniques in terms of performance (La Spina et al., 2017). La Spina and
coworkers used dynamic light scattering DLS and proton 1H NMR to demonstrate that
two centrifugation wash cycles effectively removed the excess citrate, retained a large
proportion of the original gold nanoparticle concentration, and maintained the integrity of
the gold nanoparticles. The DLS studies indicated that after four washes significant
aggregation occurred, which is likely the result of the removal of citrate that is essential
for the effective capping of the gold nanoparticles (La Spina et al., 2017). Additional
research has also shown that centrifugation speeds near 8,000 RCF, for times in excess of
five minutes, are effective for initiating the precipitation of gold nanoparticles with
diameters less than 20 nm (Balasubramanian et al., 2010).
A variety of methods have been used to purify gold nanoparticles and improve the
overall polydispersity. One such technique is density-gradient, ultracentrifugation, which
is used to separate nanoparticles based upon their size and morphology (Akbulut et al.,
2012). These techniques require solutions of different densities layered within centrifuge
tubes. Sucrose is the most popular solution, as it is very easily prepared. However, these
gradients are not thermodynamically stable under the forces resulting from the centrifuge,
which impacts the level of separation (Akbulut et al., 2012). An alternative to the sucrose
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density gradient, are multiphase systems of various densities. Due to the differences in
the phases of the solvents layered together, the lines between the density gradients are
sharp and greater size resolution can be attained (Akbulut et al., 2012).
Silver Shell Synthesis
It is generally accepted that the formation of metal colloids in the “bottom-up”
fashion occurs via two main steps. The first step is monomer nucleation, in which the
monomers aggregate to form nuclei of a critical size (Shevenko et al., 2003). Once the
nuclei reach a critical size, the second step is the growth of these nuclei, which becomes
the predominant step. The growth phase for metal colloid formation can take place over
three possible routes: (1) continuous growth until the metallic precursors have been fully
consumed from the surrounding solution, (2) Ostwald ripening- slow decomposition of
smaller particles to grow larger, more thermodynamically stable particles, or (3) fusion of
the nuclei (Shevenko et al., 2003). It has been found that gold and silver nanoparticles
generally form via the first route. In addition, the rate by which the nucleation occurs is
important for the final size of the nanoparticles, because the total metal amount is
constant and dependent upon the amount of metal precursor, see Figure 2.3 (Shevenko et
al., 2003). Thus, slow nucleation provides a low initial nuclei or “seed” concentration,
and the nanoparticles grow larger. Conversely, rapid nucleation provides a greater initial
seed concentration and thus there is less metal precursor to be distributed per
nanoparticles in the growth phase (Shevenko et al., 2003).
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Figure 2.3. Scheme used to illustrate the nucleation and growth model for metal colloid
synthesis (Shevchenko et al., 2003). Reprinted with permission from the American
Chemical Society.
There have been few mechanistic and kinetic models applied to metal
nanoparticle formation. These models include the classic LaMer mechanism, initially
developed in 1950 to model the formation of sulfur sols (LaMer, 1950). This model
requires a supersaturated solution to surmount the energy barrier to form the nuclei of
critical size that are necessary to induce growth. However, the application of the LaMer
mechanism for the formation of metal nanoparticle has been disputed. Specifically, the
LaMer mechanism dictates that the energy barrier associated with the metal nuclei
formation is spontaneous within a supersaturated solution, after which the growth process
is diffusion mediated (Watzky & Finke, 1997). This is in contrast with the fact that metal
colloids generally form at concentrations below supersaturation (Watzky et al., 1997).
Several mathematical functions, such as the logistic function (Rickers, 1979) can be used
to fit the sigmoidal kinetic curves for gold and silver nanoparticle formation. However,
these functions involve mathematical terms that have no physical meaning as they do not
correspond to any mechanistic model (Bentea, Watzky, & Finke, 2017). A widely used
model for metal nanoparticle formation is the Finke-Watzky (F-W) two-step kinetic
model (Watzky et al., 1997), which was initially developed to follow the formation
kinetics of iridium catalyst nanoparticles. This model has since been successfully applied
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to a variety of different systems and applications (Bentea et al., 2017). The F-W two step
kinetic model brings the many steps of nanoparticle formation into two
pseudoelementary steps, as illustrated by Scheme 1. The first step represents slow,
continuous nucleation as the metal ions, A, are reduced to form metal atoms that
aggregate to form nuclei of critical size (B), with a rate constant k1 (Watzky et al., 1997).
The second step represents fast, autocatalytic surface growth in which the metal ions (A)
are reduced on the surface of growing nanoparticles (B), with a rate constant k2 (Watzky
et al., 1997). The F-W two step kinetic model has been successfully applied to both the
formation of gold nanoparticles and silver nanoparticles (Bentea et al., 2017).
%&
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Scheme 1. Step 1 is the pseudoelementary step and its associated rate law, with rate
constant k1, for the slow continuous nucleation. Step 2 is the psuedoelementary step and
its corresponding rate law, with rate constant k2, for the fast autocatalytic growth on the
surface of the metal nanoparticles (Watzky et al., 1997).
The F-W two step kinetic model predicts a distinctive sigmoidal-shaped kinetic
curve that is typical of autocatalysis. The initial induction period is indicative of the slow,
continuous nucleation phase, rate constant, k1 (Bentea et al., 2017). The induction period
is then followed by the fast, autocatalytic growth phase, rate constant, k2. The
autocatalytic growth phase ends with a final plateau, indicating that the metal precursors
have been fully consumed (Bentea et al., 2017). The rate constants associated with the

15
slow, continuous nucleation, k1, and the fast, autocatalytic surface growth, k2, are
quantitatively determined using curve-fitting techniques (Watzky et al., 1997).
Nanoparticle synthesis methods attempt to manipulate these two rate constants to
alter the size and the dispersity of metal nanoparticles. In general, as was outlined in the
previous section, a larger k1 value leads to a greater nucleation rate and a smaller particle
size.
In addition to the methods proposed above for the synthesis of low dispersity gold
nanoparticles, seeding methods have also been utilized, which isolate the growth step and
more effectively control the nanoparticle size (Zeigler & Eychmuller, 2010). Zeigler and
coworkers (2010) established a seeding method for the synthesis of gold nanoparticles
across a wide range of sizes. In this method, a pre-seeded solution of gold nanoparticles
was heated, after which both the gold precursor and reducing agent were slowly added
simultaneously. Care was taken with this method to favor the growth of the gold onto the
seeded cores (Zeigler et al., 2010). The authors used Mie’s theory to predict the resulting
UV-Vis spectrum following the growth of the gold shell, as can be seen in Figure 2.4,
and to confirm nanoparticle growth. The researchers observed a strong similarity between
the gold nanoparticle theoretical and actual UV-Vis spectra at diameters between 15 and
300 nm. In addition, they followed the growth of the shell using TEM, which indicated a
low degree of dispersity and the appropriate size change for the amount of gold precursor
added (Zeigler et al., 2010).
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Figure 2.4. Experimental UV-Vis absorbance spectrum and the simulated results of the
gold shell growth. A good agreement can be observed (Zeigler et al., 2010). Reprinted
with permission from the American Chemical Society.
Heterogeneous core-shell structures are also of considerable interest, due to the
possible applications associated with the Localized Surface Plasmon Resonance (LSPR)
of gold and silver especially (vide infra). There exists a variety of proposed synthetic
methods for core-shell nanoparticles, all of which are dependent upon the specific
application of the core-shell structure being synthesized. For gold and silver core-shell
nanoparticles, the two-step addition is the most common due to its simplicity. Lu and
coworkers (2012) monitored the synthesis of these gold-silver core-shell nanostructures
and the subsequent optical properties associated with the shell formation. In general, the
gold-core silver-shell nanoparticles were chosen as opposed to silver-core gold-shell
nanoparticles, due to lesser susceptibility of the gold seeds to be oxidized, greater
reproducibility associated with the gold seed synthesis, and the greater extinction
coefficient associated with the silver shell (Lu, Burkey, Halaciuga & Goia, 2012). This is
the result of the more positive reduction potential associated with gold metal, leading to a
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more rapid reduction and nucleation (Zhu, Zhang, Li & Zhao, 2014). The gold
nanoparticle seeds were pre-synthesized and subsequently placed into a solution of silver
nitrate in the presence of ascorbic acid. The progress of the silver shell reduction was then
monitored as a function of time using UV-Vis spectroscopy; the procedure was repeated
with varying amounts of silver nitrate. The researchers concluded that the amount of
Ag(I) available for reduction corresponded to the thickness of the silver shell and to the
magnitude and location of the LSPR peak associated with the formation of the core-shell
structures, which indicated that the shell thickness could be quantified using UV-Visible
spectroscopy, as seen in Figure 2.5 (Lu et al., 2012). This was confirmed using High
Resolution Transmission Electron Microscopy (HRTEM) and X-ray element mapping
(Lu et al., 2012).

Figure 2.5. UV-Visible spectra of gold-silver core-shell nanoparticles at increasing silver
precursor ratios (Lu et al., 2012). Reprinted with permission from Elsevier.
As core-shell nanoparticles have found more applications, alloy nanoparticles
have gained additional interest as well (Shore, Wang, Johnsten-Peck, Oldenburg, &
Tracy, 2011). The synthesis methods for these nanoparticles differ significantly from that
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of the standard two-step synthesis method outlined by Lu and coworkers (Shore et al.,
2011). Hodak and coworkers synthesized gold-core silver-shell nanoparticles using a
similar two-step method for the silver shell deposition (Hodak, Heiglien, Giersig, &
Hartland, 2000). They observed the two LSPR peaks that are theoretically associated with
the gold-core silver-shell nanoparticles (vide infra) using UV-Vis spectroscopy (Hodak et
al., 2000). In addition to the synthesis, the researchers expanded on previous work by
using a high energy laser source to induce inter-diffusion of the gold core and silver shell
(Hodak et al., 2000). The diffusion was monitored using UV-Visible spectroscopy and
high resolution transition electron microscopy (HRTEM). The researchers noted that
upon irradiation, the two peaks associated with the core-shell structure disappeared and
were replaced by a single LSPR peak. Furthermore, the formation of the alloy was also
confirmed using the HRTEM (Hodak et al., 2000). The work covered in this paper is
significant, because it provides further evidence for the conditions necessary for the
formation of alloy nanoparticles from gold-silver nanoparticles, which is important, as
the nature and the integrity of these gold-silver core-shell structures has been called into
question due to their similar atomic sizes, lattice constants, and face centered cubic
binding modes (Xia, Gilroy, Peng, & Xia, 2017).
The intended synthesis of gold-silver alloy nanoparticles has also been
documented. Liu and coworkers (2011) reported a hot colloidal synthesis involving
oleyamine as both the reducing agent and the stabilizing agent within an organic media
for gold-silver alloy nanoparticle preparation. In this work, it was noted that when both
gold and silver precursors were rapidly injected into the heated solution simultaneously,
nucleation occurred; however gold and silver preferentially deposited on the nuclei of
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similar composition (Liu, Chen, Prasad, & Swihart, 2011). This lead to a solution with a
mixture of gold rich and silver rich nanoparticles, which was evident with two
predominant LSPR peaks characteristic of gold and silver nanoparticles (Liu et al., 2011).
The researchers concluded that for the effective synthesis of gold-silver alloy
nanoparticles, both the gold and the silver precursors need to be heated slowly together
within the solution (Liu et al., 2011). Furthermore, this allowed for the more reactive gold
precursor to be reduced and nucleate, which gives a point for the simultaneous and even
deposition of the remaining gold and silver precursors, thus forming an alloy shell on a
very small gold nuclei (Liu et al., 2011). Additionally, this work indicates that the
formation of gold-silver alloy nanoparticles is not favored in hot-synthesis methods in
which the precursors are instantaneously added, initiating the reaction. Rather, the
reaction must be tuned to allow for the formation of alloy nanoparticles (Liu et al., 2011).
There is an abundance of research detailing the formation of core-shell
nanoparticles using different metals and synthesis parameters. However, the merits of the
Turkevich method demonstrate potential within the application of core-shell nanoparticle
synthesis. Dobrowolska and coworkers (2015) used a modified Turkevich method to
deposit a gold shell onto a silica or titania core. Within this methodology, the researchers
synthesized gold nanoparticles and deposited them onto the surface of an aminefunctionalized silica or titania core. This was then compared with the direct reduction of
gold precursors onto the functionalized silica or titinia cores (Dobrowolska et al., 2015).
Analysis of the gold LSPR peak and scanning electron microscopy (SEM) were used to
characterize the formation of a gold shell on the silica and titania cores from the direct
reduction of the gold precursors, see Figure 2.6 (Dobrowolska et al., 2015). They
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observed and concluded that when using temperatures between 80-100 °C, the modified
Turkevich method could be utilized for the reduction of a more extensive and complete
gold shell onto a functionalized silica or titania core in comparison with the direct
functionalization of the cores with gold nanoparticles. In addition, they noted that the
progress could be monitored using UV-Vis spectroscopy (Dobrowolska et al., 2015). This
study indicates that the growth of a metal shell onto a core material can be achieved when
using the Turkevich synthesis upon the addition of a pre-seeded solution.

Figure 2.6. The comparison of pre-synthesized gold nanoparticles adsorbed onto the core
and the direct reduction of the gold precursors onto the core (Dobrowolska et al., 2015, p.
2850). Reprinted with permission from Hindawi publishing corporation.
Localized Surface Plasmon Resonance
Gold and silver nanoparticles have been used since antiquity because of their
distinctive coloration (Amendola et al., 2017). However, it was not until Faraday in the
1800’s that the connection between the small size of these nanoparticles and their unique
properties was made. He observed a red solution that resulted from the chemical
preparation of thin gold films, and theorized that this coloration was the result of small
gold particles washed from the gold film (Faraday, 1857). Gustav Mie expanded on
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Faraday’s observation by developing a solution to Maxwell’s equations to characterize
metal nanoparticles interaction with light. The solution, still valid to this day, is called
Mie theory in honor of its developer (Horvath, 2009). Mie theory now is used to describe
spherical nanoparticles interaction with light, as the result of the electromagnetic
radiation-induced oscillation of a delocalized electron cloud on the surface of the metal
nanoparticle (Amendola et al., 2017). Localized surface plasmon resonance (LSPR) as it
is called, is the result of the negatively charged electrons being polarized by incident light
of a specific wavelength, and then, much like a spring, oscillating around the positively
charged lattice formed by the nuclei (Dragoman & Dragoman, 2008). This LSPR is
specific only to nanoparticles, and as Faraday predicted, it is the result of their small size.
The conduction band of bulk metal is too far beneath the surface of the metal for incident
light to penetrate; thus, upon electromagnetic irradiation, the electrons cannot be excited.
However, within nanoparticles, the metal surface is thin enough that the incident light can
penetrate to the free electrons residing within the conduction band (Amendola et al.,
2017). Gold and silver are the two most common nanoparticles to exhibit LSPR
absorbance within the visible region of the electromagnetic spectrum, a characteristic that
is unique to them because of the density of loosely held electrons within the conduction
band of the metal (Liu et al., 2011). Moreover, it has been determined that oscillation
frequency specific to the LSPR resonance is not only specific to the metal nanoparticle,
but also to its dielectric environment (Dragoman et al., 2008). The dielectric environment
defines the ability of the electrons to oscillate upon polarization, and thus changes in this
environment can alter the properties of the oscillation and the resulting wavelength at
which the nanoparticle absorbs (Kelly, Coronado, Zhao, & Schatz, 2003). The LSPR of
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gold and silver nanoparticles is very specific, with distinctive absorbance spectra that can
be obtained using UV-Vis spectroscopy. The LSPR associated with gold and silver
nanoparticles can also be altered via changes to a number of parameters: changes to the
nanoparticle size (Evanoff & Chumanov, 2004); changes in the nanostructures
morphology (Kelly et al, 2017); and changes in their composition (Pathak, Ji, & Sharma,
2014).
The tunability of the LSPR associated with nanostructures has been extensively
studied (Xia et al., 2017). One promising facet of this research is in the use of core shell
structures, which are significant in that the LSPR frequency can be tuned by varying the
combination and ratio of two different metals with different dielectric constants. Arnold
and coworkers (2014) utilized a quantum mechanical consideration of the LSPR modes
associated with the core-shell structures, in which the two separate dielectric constants of
the core and shell material were hybridized. In this study, the researchers modeled the
formation of a potassium shell onto an aluminum core (Arnold, Blaber & Ford, 2014).
Specifically, these two metals were chosen due to the range between the frequency at
which aluminum and potassium absorb. The researchers noted that there was a distinctive
shift in the LSPR modes as the shell thickness increased, see Figure 2.7 (Arnold et al.,
2014).
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Figure 2.7. The associated LSPR frequency associated with potassium and aluminum
core-shell nanoparticles. Image (a) represents the theoretical spectra associated with a
potassium core, and image (b) represents the theoretical spectra associated with an
aluminum core (Arnold et al., 2014). Reprinted with permission from the Optical Society
of America.
Due to the strong LSPR character of both gold and silver, these two elements are
commonly the focus of LSPR research (Seo, Ko, Min, Kim & Kim, 2015). More
specifically, some researchers have observed the growth of a silver shell onto a gold core
and the corresponding shift in LSPR. Seo and coworkers (2015) examined the growth of
a silver shell onto a gold core in the presence of a double hydrophilic block copolymer.
They reported that as the silver shell thickness increased, there was a red shift in the gold
LSPR peak as well as the formation of a second LSPR peak near 420 nm, close to that of
pure silver (Seo et al., 2015). The two LSPR modes that are associated with core-shell
nanoparticles arise from the existence of an additional dielectric interface. This interface
was examined in greater depth by Zhang and coworkers, who utilized modified Mie
theory to take into account the two dielectric constants for the core shell structure (Zhang,
Chen, & Li, 2015). Within this work, the model of two ideal drude metals with two
distinct LSPR modes was chosen to simulate the core shell structure in aqueous media
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(Zhang et al., 2015). These two ideal drude metals were P1 with an LSPR resonance of
200 nm and P2 with an LSPR resonance of 300 nm (Zhang et al., 2015). As can be seen
in Figure 2.8, there are two resonance peaks associated with core shell structures
corresponding to the two possible core-shell configurations P1-core and P2-shell, and P2core and P1-shell; moreover, as the core-to-shell radius ratio increased, there was a
distinctive shift in the two LSPR modes (Zhang et al., 2015). More specifically, the P1core, P2-shell nanoparticles exhibited a blue shift in the LSPR mode at the shorter
wavelength LSPR mode, and a red shift at the longer wavelength LSPR mode (Zhang et
al., 2015). However, as the core-shell configuration was flipped to the P2-core and P1shell configuration, the trend was reversed, with the shorter wavelength resonance mode
exhibiting a red shift, and the longer wavelength resonance mode exhibiting a blue shift
(Zhang et al., 2015). It was noted, upon further investigation, that the resonance mode at
the shorter wavelength is the result of the LSPR occurring at the core-metal and shellmetal dielectric interface that the researchers termed the “extraordinary” mode LSPR, due
to its specificity to core-shell nanoparticles (Zhang et al., 2015). Additionally, the LSPR
mode at the longer wavelengths was found to correspond to the resonance between the
shell metal and the dielectric medium, which the researchers named the “ordinary” mode
LSPR (Zhang et al., 2015).
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Figure 2.8. (a) the LSPR mode at the lower resonance frequency associated with the P1core, P2-shell nanoparticles and the shift in this mode corresponding to an increase in the
shell to core size ratio. (b) the LSPR mode at the higher resonance frequency associated
with the P1-core, P2-shell nanoparticles and the shift in this mode corresponding to an
increase in the shell to core size ratio. (c) the LSPR mode at the lower resonance
frequency associated with the P2-core, P1-shell nanoparticles and the shift in this mode
corresponding to an increase in the shell to core size ratio. (d) the LSPR mode at the
higher resonance frequency associated with the P1-core, P2-shell nanoparticles and the
shift in this mode corresponding to an increase in the shell to core size ratio (Zhang et al.,
2015). Reprinted with permission from the American Chemical Society.
This model in which two drude metals were used to predict the LSPR
characteristics of core-shell nanoparticles was then applied to gold and silver core-shell
nanoparticles (Zhang et al., 2015). Both silver-gold core-shell nanoparticles, as well as
gold- silver core-shell nanoparticles, were used (Zhang et al., 2015). Moreover, it was
found that the silver and gold core-shell nanoparticles are analogous to the
aforementioned P1-core and P2-shell model nanoparticles and exhibit similar LSPR
character (Zhang et al., 2015). The gold and silver core-shell nanoparticles were also
found to be similar to the previous P2-core and P1-shell model, with the red-shift in the
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LSPR mode at the shorter wavelength, and the blue-shift in the LSPR mode at the longer
wavelength, as the shell-core radius ratio increased; this is illustrated in Figure 2.9
(Zhang et al., 2015). This theoretical prediction was compared to experimental results
and was found to exhibit similar results to experimental gold-core, silver-shell
nanoparticles (Zhang et al., 2015). It was noted that the extraordinary mode LSPR for the
gold and silver core-shell nanoparticles approached the LSPR mode for that of their
respective pure metals; the researchers attributed this to a coincidence that is specific to
gold and silver metal nanoparticles (Zhang et al., 2015). The researchers also reported
that at very thin shell thicknesses, there are two distinct LSPR modes, and the shift in
these LSPR modes is easily apparent (Zhang et al., 2015). However, as the shell
thicknesses increases, one of the LSPR modes disappears, which is the result of this mode
being masked by the prominent LSPR mode (Zhang et al., 2015). This work provides
another possible model, in addition to the quantum-mechanical hybridization model to fit
the experimentally overserved (vide supra) LSPR modes characteristic of core-shell
nanoparticles.
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Figure 2.9. (a) Both of LSPR modes with the silver-core, gold-shell nanoparticles and the
shift in both resonance modes corresponding to an increase in the shell to core size ratio.
(b) Both of LSPR modes with the gold-core, silver-shell nanoparticles and the shift in
both resonance modes corresponding to an increase in the shell to core size ratio (Zhang
et al., 2015). Reprinted with permission from the American Chemical Society.
Mann and coworkers (2017) continued to examine the associated LSPR of coreshell structures by studying the growth of both gold and silver shells on a polystyrene
core. The researchers observed the LSPR of core-shell nanoparticles is dependent upon
both the dielectric constant and the associated properties of both the core and the shell,
with some deviations that result from imperfections in the shell formation (Mann et al.,
2017). These researchers used the modified Mie theory to predict the LSPR associated
with either gold or silver shells. Upon growing both the gold and the silver shells onto the
polystyrene core, it was determined that as the shell thickness increased, the LSPR began
to approach that of either pure gold or silver. The results were then compared to the
theoretical results, and it was observed that the predicted results for gold matched the
theoretical results more completely than that of silver (Mann et al., 2017). The authors
hypothesized that this deviation is the result of incomplete shell coverage in the silver
nanoshells, evident in the observation that as the shell thickness increased the deviation
between the theoretical and actual results was minimized (Mann et al., 2017). This study
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provided similar data to that obtained by Zhang and coworkers, further demonstrating the
LSPR mode shift as the shell thickness is increased.
Biosensing
Gold and silver nanoparticles are of major interest within the field of sensing
techniques, with many possible applications. Research interests include the use of coreshell functionalized nanoparticles on immunosensors that can detect a change in
electrochemical potential as analytes adsorb onto the surface of the nanoparticles
(Raghav & Srivastava 2015). Deng and coworkers (2011) also conducted research in
which gold-silver core-shell nanoparticles were mounted to a glass substrate, and in
which a red-shift in the LSPR of the nanoparticles was observed as the biological
substrate interacted and adsorbed on the surface of the nanoparticles.
A different facet of bio-sensing uses the growth of nanoparticles in the presence
of a biological agent. Peng and coworkers examined the use of a dual-molecule system
containing Na3Ct and 2-(N-morpholino)ethanesulfonic acid (MES), in which the
reduction of chloroauric acid into nanocrystals by hydrogen peroxide was quantified by
both the intensity and maxima of the LSPR associated with the specific shape of the gold
nanocrystal (Peng, Duan, Xie & Liu, 2014). As can be observed in Figures 2.10 and 2.11,
the reaction duration upon the addition of hydrogen peroxide into the chloroauric acid
was followed using UV-Vis spectroscopy, and the associated absorbance at 540 nm was
found to be linear across varying concentrations of hydrogen peroxide (Peng et al., 2014).
The researchers continued beyond the addition of hydrogen peroxide to the detection of
glucose in the presence of an oxidase, which catalyzes the formation hydrogen peroxide
and results in the reduction of chloroauric acid, upon which a similar linear relationship
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was observed (Peng et al., 2014). It is important to note that this study indicates a very
simple detection method, similar to that of many colorimetric methods, and the
researchers concluded that these results could be the foundation for developments within
the enzyme-linked immunosorbent assay methods (Peng et al., 2014).

Figure 2.10. The reduction of gold to form gold nanoparticles using varying
concentrations of hydrogen peroxide. (A) 0 µM, (B) 5 µM, (C) 12.5 µM, (D) 25 µM, (E)
50 µM, (F) 100 µM, (G) 200 µM, (H) 400 µM H2O2 (Peng et al., 2014). Reprinted with
permission from Hindawi Publishing Corporation.
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Figure 2.11. The plot of absorbance after reaction completion at 540 nm as a function of
hydrogen peroxide concentration (Peng et al., 2014). Reprinted with permission from
Hindawi Publishing Corporation.
Core-shell nanoparticles have also been used for applications within colorimetric
assays. Ozyurek and coworkers developed a method that uses the growth of a silver shell
onto a silver core to quantitatively determine the presence of antioxidants (Ozyurek,
Gungor, Baki, Guclu, & Apak, 2012). In preliminary results, the researchers observed
that the use of antioxidants in the formation of silver nanoparticles is not a reliable
quantification method because the dependence upon the analyte concentration and the
resulting silver nanoparticle concentration was not linear (Ozyurek et al., 2012).
Therefore, the researchers proposed a method in which citrate-stabilized silver
nanoparticle seeds were used to favor growth of a silver shell, instead of independent
silver nucleation. They proposed that this two-step reduction method could be used to
quantify the concentration of an antioxidant by measuring the growth of a silver shell on
silver in solution (Ozyurek et al., 2012). To test this method, the researchers used a series
of common antioxidants as the reducing agent for the growth of a silver shell onto a silver
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core. They observed, by monitoring the absorbance of the nanoparticle solution, a linear
dependence of shell growth to antioxidant concentration with a high sensitivity. In
addition, they were also able to use this method to determine the total antioxidant
capacity of a variety of antioxidants commonly found in foods. This was compared to
current accepted methods and a high degree of congruence was found (Ozyurek et al.,
2012). The work conducted by Ozyurek indicates that citrate-stabilized nanoparticle
seeds inhibit the growth of independent nanoparticle nucleations in the presence of
stronger reducing agents; this is significant because it allows for a method in which the
growth of a metal shell can be used to quantify the concentration of reducing agent within
the solution.
The work of Ozyurek provides an interesting model for future biosensing
methods. The food-based antioxidants utilized within this study are a series of plantbased polyphenols. These polyphenols have been previously demonstrated to be able to
reduce gold and silver ions to their respective metal atoms, resulting in the formation of
gold and silver colloids (Shestakov et al., 2015). The reductive capacity of these
polyphenols lies within their resonance-stabilized aryl-OH groups, which can be oxidized
to the corresponding quinones in the presence of the metal ions (Hendrickson, Kaufman,
& Lunte, 1994).
Current bio-sensing methods generally utilize ELISA methods for complex, ultrasensitive analysis; however, these methods are time-consuming and require extensive
preparation (Rodriguez-Lorenzo, Rica, Alvarez-Puebla, Liz-Marzan, & Stevens, 2012).
With the complexity and sensitivity to the dielectric environment of gold nanocrystals
LSPR, Rodriguez-Lorenzo and coworkers (2012) proposed using in-situ modifications by
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reducing silver onto the gold nanostructure as a possible ultra-sensitive bio-sensing
technique. With this method, the researchers examined the reduction of silver onto a gold
nanostar (Figure 2.12). They utilized hydrogen peroxide generated from the oxidation of
glucose by glucose oxidase (GOx) that was functionalized on the surface gold nanostars,
and observed a subsequent increase in the absorbance associated with the shell LSPR
mode, in order to quantify the concentration of GOx (Rodriguez-Lorenzo et al., 2012). To
further demonstrate the validity of this sensing technique, Rodriguez-Lorenzo and
coworkers (2012) expanded this method by applying it to the sensing of prostate-specific
antigen (PSA), a crucial early diagnostic indicator for prostate cancer. In this study, the
researchers utilized a sandwich assay in which the gold nanostars were modified with
GOx. The amount of GOx that was able to adsorb onto the surface of the gold nanostars
was inversely proportional to the corresponding adsorbed PSA, thus providing an
inversely sensitive method for PSA detection (Rodriguez-Lorenzo et al., 2012). One
advantage of this system comes from the unique LSPR mode of the gold nanostars, which
is apparent within the infrared region of the electromagnetic spectrum, thus preventing
any interference to detract from the absorbance of the shell. Also, this model was
demonstrated to be relevant in terms of a complex biochemical assay. However, gold
nanostars are generally unstable and difficult to synthesize (Rodriguez-Lorenzo et al.,
2012).
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Figure 2.12. Diagram of the reaction for the reduction of silver onto the gold nanostars.
This image illustrates the two possible results of the silver reduction (Rodriguez-Lorenzo
et al., 2012). Reprinted with permission from Springer Nature.
Similar work has been completed that uses the reduction of silver onto spherical
gold cores with the use of a reducing agent. Willner and coworkers reviewed methods
that use alkaline phosphatase to generate a product that can functions as a reducing agent
(Willner, Baron, & Willner, 2006). This product reduces silver onto a gold core, as can be
seen in Figure 2.13. This method represents a more direct pathway by which the growth
of silver and the corresponding observation of the core-shell hybridized LSPR peak is
used to directly quantify the reducing-agent analyte, and thus provide the foundation for
further ultra-sensitive LSPR bio-sensing methods (Willner et al., 2006).
All of this indicates, the potential for sensing applications within the facet of shell
reductions onto seeded cores, in which the growth of a silver shell onto a gold core is
quantified and correlated to the presence of the reducing analyte or the reducing agent
precursor.
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Figure 2.13. Alkaline phosphatase is used to generate an intermediate that reduces silver
ions onto a pre-synthesized gold core (Willner et al., 2006, pg. 1111). Reprinted with
permission from John Wiley and Sons.
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CHAPTER III
EXPERIMENTAL
Materials and Instrumentation
The materials required for this study were used without further purification. The
sodium citrate tribasic dihydrate (³99.0%) was purchased from Sigma-Aldrich, the
hydrogen tetrachloroaurate (III) hydrate (³99.8% Au) was purchased from Strem
Chemicals Inc., the sodium hydroxide was purchased from Sigma-Aldrich, and the silver
nitrate (99.9% Ag) was purchased from Sigma-Aldrich. The plant-based polyphenols:
quercetin (³95% HPLC), rutin hydrate (³95% HPLC), catechin hydrate (³98% HPLC),
and baicalein (³98% HPLC) were all purchased from Sigma-Aldrich. The sucrose used
for ultracentrifugation was purchased from Sigma-Aldrich. All glassware was rinsed with
8M nitric acid (certified ACS plus), and then conditioned with Millipore (18 MW)
nanopure water. Gold nanoparticles were washed to remove excess sodium citrate using
an Eppendorf 5415C Centrifuge. The reaction progress was monitored using an Olis HP
8452 Diode Array UV-visible spectrophotometer and a Perkin Elmer Analyst 300 Atomic
Absorption (AA) spectrophotometer. The final nanoparticles were observed using a
JEOL JSM-IT500 Scanning Electron Microscope (SEM) with associated Energy
Dispersive X-ray Spectrophotometer (EDS).
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Gold Seed Synthesis and Purification
The method utilized for the Au seed synthesis was based on the work of Frens in
which 20 mL of a tetrachloroauric acid solution with a final concentration of 1.0 mM was
brought to a boil under reflux prior to the addition of a 10 mL sodium citrate (Na3Ct)
aliquot with a final concentration of 2.5 mM (Kumar et al., 2007). The reaction was
allowed to react to completion and subsequently cooled, upon which a sample of 0.2 mL
was removed and analyzed using UV-Vis Spectroscopy.
After the synthesis, the gold seeds were washed using a centrifugation technique
to remove excess surfactant that may interfere with the additional studies
(Balasubamanian et al., 2010). To do so, the 30 mL gold seed solution was transferred
into 30 micro-centrifuge tubes. The seeds were then centrifuged at 8,000 RCF for 10
minutes, after which the supernatant at a volume of 0.95 mL was removed and transferred
to a second micro-centrifuge tube that was centrifuged at 8,000 RCF for 10 additional
minutes; there the supernatant of 0.95 mL was removed and discarded. Both pellets,
which contain the gold nanoparticles, were then combined and diluted to 1 mL with
nanopure water in a micro-centrifuge tube. This process was then repeated for a total of
two wash cycles as can be seen in Figure 3.1.
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Figure 3.1. Schematic for two washing cycles utilizing a centrifugation-based washing
technique (Balasubamanian et al., 2010). Reprinted with permission from Elsevier.
Optimization of Gold-Silver Core-Shell
Nanoparticle Synthesis
Three different synthesis methods were used for the growth of a silver shell onto a
gold core: the batch addition method, sequential batch addition method and dropwise
addition method. All methods were optimized to favor growth over nucleation. In the
batch addition method, the silver shell was synthesized using an inverse Turkevich
method, in which the 30 mL gold seed solution was diluted to 90 mL with a 1.0 mM final
concentration Na3Ct solution (Schulz et. al., 2014). The solution was then brought to a
boil under reflux, upon which a 10 mL silver nitrate solution of varying concentrations
was added. The reduction of silver onto the gold seeds was allowed to progress to
completion, with 0.5 mL samples removed every five minutes and placed on ice for
further UV-Vis spectrophotometric analysis. The sampling procedure was modified
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slightly for AA spectrophotometric analysis, in that 5 mL aliquots were removed from the
reaction flask at 5, 10, 20, 30, and 40 minutes respectively.
In the sequential batch addition method, the silver shell was reduced onto the gold
core in a series of sequential steps, in which the inverse Turkevich method was used to
increase the size of the silver shell on the gold core (Schulz et al., 2014). There, the 30
mL gold seed solution was diluted to 100 mL with a 1.0 mM final concentration Na3Ct
solution. The gold seed and Na3Ct solution was brought to a boil under reflux, upon
which 0.02 mL of silver nitrate at a 0.1 mM final concentration was injected into the gold
seed and SC solution. The subsequent reaction was allowed to progress to completion.
After 30 minutes, a 0.5 mL aliquot was removed for UV-Vis spectrophotometric analysis.
The silver addition step was repeated until the desired shell thickness was achieved.
Last, the dropwise method for the silver shell deposition, which uses a slow
addition of silver into the reaction mixture, was used. This method should favor the
growth of the silver shell onto the gold core by reducing the localized silver concentration
within the reaction mixture. In this method, the silver shell was reduced onto the gold
core via the inverse Turkevich method with the additional modification that the silver
nitrate solution was added in a dropwise fashion (Schulz et al., 2014). The 30 mL gold
seed solution was diluted to 70 mL. Here, the gold seed and Na3Ct solution was allowed
to boil under reflux; upon boiling, 30 mL of a silver nitrate solution at varying
concentrations was added dropwise. The reaction was allowed to progress to completion.
The synthesis was monitored in the same way as the batch addition method. It was noted
that this method did not provide a result that was different from the previous two methods
and was not further used.
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An ultracentrifugation-based technique was used in an attempt to purify the goldsilver core-shell nanoparticles, which utilized a density gradient associated with three
sucrose concentrations of 40% (m/m), 50% (m/m), and 60% (m/m). These three solutions
were layered into a 1.5 mL microcentrifuge tube at respective volumes of 400 µL in the
order of greatest to least density. After that, a 100 µL nanoparticle solution that was
concentrated analogously to the SEM sample preparation (vide infra) was layered on top
of the sucrose gradient. The sucrose gradient with the nanoparticle solution on top was
centrifuged at 10,000 RCF for 10 minutes. The samples were analyzed for the maximum
distance traveled and the overall dispersion of the nanoparticles. However, there was not
a distinct separation due to a poor resolution between the sucrose gradients and it was not
further used.
Monitoring of the Silver Shell Deposition
The deposition of the silver shell was monitored using UV-Visible spectroscopy,
because of the relation between the increase in absorbance and shift the peak wavelength
of the core-shell LSPR and the growth of the silver shell (Lu et al., 2016). A 1.2 mL, 1cm path length cuvette was used for the analysis, in which 0.2 mL of the nanoparticle
solution was diluted to 1.2 mL and mixed thoroughly. Absorbance values were monitored
at 515 nm and at 400 nm, near the gold and silver absorbance maxima, respectively.
The deposition of the silver shell was also monitored by measuring the
concentration of silver ion in solution as the reaction progressed using atomic absorption
(AA) spectroscopy. Samples were prepared by centrifuging the reaction mixture at
10,000 RCF for 10 minutes, after which between 0.5 to 4 mL of the supernatant,
depending on the sampling time and the silver concentration, was diluted up to 10 mL
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and mixed thoroughly. The samples were then compared to a previously prepared
calibration curve, and the silver ion concentration was reported as a function of time.
The size and composition of the core-shell nanoparticles were investigated using
scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEMEDS) analysis. The gold-silver core-shell nanoparticle solution was centrifuged at 8,000
RCF for 10 minutes; the supernatant was then removed and centrifuged once more at
8,000 RCF for 10 minutes. The pellets were recombined and diluted to 15 mL, which is
one half of the initial volume. The core-shell nanoparticles suspension was then filtered
through a 13 mm, 0.22 micron nylon filter to remove the larger aggregates that may result
from centrifugation. A 0.1 mL drop of the gold-silver core-shell nanoparticle concentrate
was then placed onto a carbon-sticker covered SEM plate and dried in a oven at 60 °C for
12 hours. The prepared plates were analyzed using SEM-EDS.
A study was designed to monitor the LSPR shift at low silver concentrations. This
was completed using two different silver shell deposition methods. The first was the
standard batch addition method, in which silver at concentrations of 0.01 mM, 0.025 mM,
and 0.05 mM were added to the gold seed-citrate solution. Samples were taken for UVVis analysis as a function of time. The second silver shell deposition method was the
sequential batch addition method, in which the silver was deposited in 0.01 mM aliquots
within the range of 0.01 mM to 0.1 mM. The UV-Vis spectra were obtained after each
silver addition.
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Core-Shell Synthesis Kinetic Studies
A study was designed to kinetically observe the deposition of the silver shell and
to distinguish between the growth of silver on the gold seed and independent silver
nucleation by both a direct method (AA) and an indirect method (LSPR absorbance).
This was done by depositing the silver shell at four different Ag+ concentrations, 0.1 mM,
0.5 mM, 1.0 mM, and 2.0 mM, while keeping the same Na3Ct concentration. Each
synthesis was completed in duplicate under standard conditions, with evenly staggered
sampling times. These samples were analyzed using AA spectroscopy and UV-Visible
spectroscopy. The data from the duplicate syntheses was combined in order to maximize
the number of data points, and was analyzed using Origin Pro 2017 curve fitting
software.
Bio-Sensing Applications
Here, the feasibility of bio-sensing applications associated with the observation of
silver shell growth onto a gold-core was examined. The study was broken into three main
parts. The first part examined the feasibility of a silver shell growth at room temperature
in the presence of a series of plant-based polyphenols. Specifically, the plant-based
polyphenols chosen were quercetin, rutin, catechin, and baicalein. These were chosen
because of their reducing agent capacity, which makes them an ideal “proof of concept
model” for the possible quantitative deposition of a silver shell onto a gold core. The
second part examined the quantitative relationship between the LSPR absorbance, the
LSPR shift and the corresponding polyphenol concentration; possible limits of detection
were determined. In the third part, any possible interferences from the use of Na3Ct as a
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stabilizing agent, including inferences on the surface chemistry and unwanted, citratemediated deposition of the silver shell, were examined.
In the first two parts, a stock solution of the plant-based polyphenols of 1.2x10-3
M was prepared. Each of these polyphenols were massed and dispersed in 3 mL of
nanopure water. Due to the limited solubility of polyphenols in non-alkaline aqueous
solutions 1.0 M NaOH was added to the 3 mL polyphenol solution in 25 µL increments
until the polyphenol became completely soluble. The 3 mL polyphenol solution was then
diluted to 10 mL. From this stock solution, 1 mL was removed and diluted to 10 mL to
prepare an additional working solution with a concentration of 1.2x10-4 M. The reduction
of the silver shell by the respective polyphenols was conducted in microcentrifuge tubes
at a final volume of 1.2 mL. The solutions prepared for each of the polyphenols were
used to attain the reaction concentrations of 0.1 µM, 0.5 µM, 1.0 µM, 5.0 µM, 10 µM, 15
µM, 20 µM, 25 µM, 100 µM, and 150 µM. Preparation of this 1.2 mL reaction volume
consisted of a 1.00 mL addition of twice-washed gold seeds to a 195 µL polyphenol
solution of varying concentration, after which the 1.195 mL solution was vortexed for 15
s to ensure that the gold seed and polyphenol solution was fully homogeneous. The silver
shell deposition was initiated with addition of 5 µL of a 0.1 M silver nitrate solution, to
attain a reaction silver concentration of 0.1 mM for the reaction. After the addition of
silver, the full 1.2 mL solution was vortexed for 20 s and subsequently placed in a dark
cabinet at room temperature for 20 minutes to ensure reaction completion. Final analysis
included the removal of a 200 µL aliquot of the reaction mixture to be diluted up to 1.2
mL and analyzed with the UV-Vis spectrophotometer. A control experiment for each of
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the respective polyphenols was conducted following the same procedure, with the
exception that no silver was added.
The last part of this study aimed to verify that the reduction of the silver shell was
mediated by the polyphenols and not by any residual citrate, that would be either
adsorbed onto the surface of the gold seeds or free within solution. This was done by
preparing a synthesis in accordance to the aforementioned 0.1 mM silver shell batch
deposition method, in which the gold nanoparticles were washed twice, but with no
Na3Ct added to the reaction. The reaction was monitored using the standard UV-Vis and
AA analysis methods.
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CHAPTER IV
RESULTS
The work covered herein consisted of three phases. Phase one involved the gold
core preparation. Within this phase, the research goals included the optimization of the
gold core synthesis and subsequent washing parameters, and kinetic probes of variations
of the gold nanoparticle surface chemistry. Phase two included confirmation of the silver
shell formation and kinetic probes of the silver shell deposition. Phase three utilized the
results of the previous two phases to study the application of silver shell deposition onto a
gold-core, as a possible sensing method for the detection of plant-based antioxidants.
Gold Seed Synthesis and Purification
Gold Seed Synthesis
The initial gold core syntheses consisted of two different sodium citrate (Na3Ct) to
chloroauric acid ratio. Based upon previous work (vide supra), two Na3Ct : chloroauric
acid ratios of 1:1 and 2.5:1 were chosen and examined for reproducibility (Kumar et al.,
2007). As can be seen in Table 1, there was a distinctive difference in reproducibility
between these two ratios. The 1:1 Na3Ct to chloroauric acid synthesis exhibited a mean
LSPR band at 524 nm with a standard deviation of ± 6 nm. The 2.5: Na3Ct to chloroauric
acid ratio synthesis exhibited an LSPR band at 515 nm with a smaller overall standard
deviation of ± 3 nm. Moreover, there were also significant differences in the silver shell
deposition between the gold seeds prepared with the two different Na3Ct to chloroauric
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acid ratios. The 1:1 Na3Ct to chloroauric acid ratio led to greater overall silver shell
reduction times, and larger standard deviations, as compared with the gold seeds prepared
with the 2.5:1 Na3Ct to chloroauric acid ratio. A similar trend was also observed when
comparing the final core-shell nanoparticle LSPR bands, with absorbance maximums at
higher wavelengths for the gold seeds prepared with a 1:1 Na3Ct to chloroauric acid ratio,
and standard deviations twice that of the gold seeds prepared with a 2.5:1 Na3Ct to
chloroauric acid ratio.
Table 1
A summary of data obtained from the gold seed syntheses performed at the two
different Na3Ct to chloroauric acid ratios of 1:1 and 2.5:1.
Parameter

1:1Na3Ct: HAuCl4

2.5:1 Na3Ct:HAuCl4

Gold Core lmax (nm)

524 ± 6

515 ± 3

Ag Reduction Time (min)

Final Core-Shell lmax (nm)

0.1 mM Ag+

44 ± 14

0.1 mM Ag+

12 ± 2

0.5 mM Ag+

55 ± 14

0.5 mM Ag+

29 ± 3

1.0 mM Ag+

93 ± 25

1.0 mM Ag+

32 ± 3

0.1 mM Ag+

388 ± 4

0.1 mM Ag+

NA

0.5 mM Ag+

401 ± 4

0.5 mM Ag+

397 ± 2

1.0 mM Ag+

421 ± 4

1.0 mM Ag+

400 ± 2

Gold Seed Purification
In the chosen gold seed synthesis method, with a ratio of Na3Ct to chloroauric
acid of 2.5:1, there is excess sodium citrate within solution. This excess citrate can affect
the surface chemistry of the gold seeds (vide supra). As was documented in the literature,
the centrifugation-based washing technique was found to be the most effective for
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removing the excess Na3Ct, while maintaining the integrity of the gold seed solution (La
Spina et al., 2017).
Effect of purification on gold seed concentration. As can be seen in Figures 4.1
and 4.2 the concentration of the gold seeds decreased with each subsequent wash, but
more significantly so after the second wash. The gold seed concentration was monitored
by following the absorbance after each wash at 520 nm (Figure 4.2). The relationship
between the absorbance and corresponding gold seed concentration was established with
the development of a calibration curve (Figure 4.3). Each subsequent wash results in a
lesser absorbance value, which is expected to be due to the loss of gold seeds that do not
fully separate. However, the extent of gold seed concentration lost is much greater
between two and three washes, which is also accompanied by the observation of small
black aggregates forming within the gold seed solution.
Effect of purification on gold seed stability and aggregation. The substantial
loss in gold seed concentration during the third wash is likely the result of aggregation.
Within the UV-Vis spectra of the gold seeds after each subsequent wash, it can be
observed that the baseline above 700 nm increases, which is evidence of aggregation
(Figure 4.1). Further indication of aggregation comes from the widening of the LSPR
band after each wash (La Spina et al., 2017).
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Figure 4.1. The UV-Vis spectra of gold nanoparticles obtained prior to the first wash and
after each subsequent wash (1-4).
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Figure 4.2. The absorbance of the gold nanoparticles LSPR band at 520 nm as a function
of washes.
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Figure 4.3. Gold nanoparticle calibration curve, which indicates that the absorbance of
gold nanoparticles solutions is concentration dependent. Nanoparticle count was
calculated based off the assumption that gold nanoparticles synthesized were 20 nm in
diameter (Jain, Lee, El-Sayed, & El-Sayed, 2006).
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Figure 4.4. The sodium concentration in the supernatant followed as a function of the
wash number for the gold seeds. Used as an indirect measurement of the Na3Ct
concentration.
Effect of purification on Na3Ct concentration. The excess Na3Ct concentration
was followed indirectly by monitoring the sodium concentration as a function of the
washes. This method was based off of previous work (vide supra) indicating that the
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sodium ions are integrated into the hydrodynamic surfactant layer around the gold
nanoparticles (Al-Johani et al., 2017). As can be observed in Figure 4.4, the sodium
concentration is significantly reduced with two centrifugation wash cycles. Interestingly,
there is a very small decrease in the sodium ion concentration associated with the third
wash, indicating that most of the excess Na3Ct concentration is removed after two wash
cycles.
A control was completed to see if enough excess Na3Ct could be present after
two washes to reduce silver onto the gold cores. The samples obtained were analyzed
using UV-Visible and AA spectroscopy. Figure 4.5 indicates that there was very little
change in the silver ion concentration, as seen by AA spectroscopy. On the other hand, as
seen in Figures 4.6 and 4.7, there was a slight initial increase in the absorbance at 520 nm
as a function of time. It was determined that this could be attributed to the integration of
silver ions into the hydrodynamic surfactant layer around the gold nanoparticles, which
alters the dielectric environment and corresponding LSPR band. To confirm this
interaction, an additional study was conducted in which the silver concentration was
measured before and after addition to the gold nanoparticle solution using AA
spectrophotometry. The silver concentration before addition was determined to be 11.2
ppm or 0.10 mM; however, after addition the silver concentration was 7.6 ppm or 0.07
mM. This further explains the blue shift in the gold nanoparticle LSPR band that is
observed in Figure 4.8 and the aggregation that begins to occur as the boiling time
elapsed. The aggregation event is indicated by an increase in the baseline of the UV-Vis
spectra beyond 700 nm and the widening of the LSPR peak, as can be seen in Figure 4.6.
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Figure 4.5. The silver ion concentration monitored as a function of time using the AA for
0.1 mM Ag, with no added citrate.
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Effect of Gold Seed Purification on
Kinetics of Silver Shell Deposition
The impact of the gold seed surface chemistry on the silver shell deposition was
monitored as a function of time, both directly using AA spectroscopy and indirectly using
UV-Vis spectroscopy. The unwashed gold seeds showed a longer overall deposition time
for the silver shell. An initial lag phase was observed in the measurement of LSPR
absorbance at 400 nm. However, this lag phase was not seen using AA to follow the
silver ion concentration as a function of time (Figure 4.9). The washed gold seeds were
found to have a much shorter overall deposition time for the silver shell, and no lag phase
was observed when following the LSPR absorbance at 400 nm, nor the silver ion
concentration as a function of time (Figure 4.10).
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Figure 4.9. The kinetic curves, measured both (a) indirectly by UV-Vis and (b) directly
by AA, associated with the 1.0 mM silver shell deposition on washed gold nanoparticles.

(b)
1.2

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

[Ag], Normalized

Absorbance at 400nm, A.U.

(a)

1
0.8
0.6
0.4
0.2
0

0

20
40
Time, min

60

0

20
40
Time, min

60

Figure 4.10. The kinetic curves, measured both (a) indirectly by UV-Vis and (b) directly
by AA, associated with the 1.0 mM silver shell deposition on unwashed gold
nanoparticles.
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Monitoring of the Silver Shell Deposition
The purpose of Phase two was to confirm the deposition of a silver shell and the
subsequent formation of gold-core, silver-shell nanoparticles. This was done using a
series of spectroscopic, imaging, and kinetic studies to elucidate and confirm the
deposition of the silver and perform kinetic studies of the deposition.
Core-Shell Au-Ag Nanoparticle
Characterization
The UV-Vis spectra corresponding to the silver shell deposition at three silver
concentrations of 0.1, 0.5, and 1.0 mM, respectively, can be seen in Figure 4.11. It was
observed that as the concentration of the silver precursor was increased relative to the
gold seed concentration, there was a slight blue shift in the LSPR peak at approximately
520 nm and the simultaneous growth of a second LSPR peak at approximately 400 nm.
The two silver addition methods, both the batch addition and dropwise addition (vide
supra), were compared and found to yield comparable results.
The scanning electron microscope coupled with energy dispersive X-ray
spectroscopy was used in an attempt to confirm the formation of gold-silver, core-shell
nanoparticles. The SEM-EDS analysis resulted in low resolution images, which indicated
the presence of high-density spots corresponding to the lightly colored regions of the
image (Figure 4.12). These spots measured approximately 100 nm and likely
corresponded to either individual nanoparticles or small aggregates of nanoparticles. The
EDS indicated that the lightly colored areas consisted of both gold and silver atoms, as
can be seen in Figure 4.12.
Finally, an ultracentrifugation-based separation technique was employed with the
intention of confirming the presence of core-shell nanoparticles of larger size than the
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original gold seeds. However, with the sucrose-based density gradient used, the
resolution was too poor and there was not an adequate separation to distinguish between
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Figure 4.11. UV-Vis spectra of the silver shell deposition as a function of time for silver
concentrations of (a) 0.1, (b) 0.5, and (c) 1.0 mM respectively.

Figure 4.12. SEM image and corresponding EDS of gold-core silver-shell nanoparticles
synthesized with a silver concentration of 1.0 mM.
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Kinetics of Core-Shell Formation
The kinetics of deposition of the silver shell were monitored using indirect and
direct measurement techniques, UV-Visible and AA spectroscopy, respectively. The UVVisible kinetic curves were obtained by measuring the LSPR absorbance at 400 nm as a
function of time. The AA kinetic curves were obtained by measuring the silver ion
concentration as a function of time. The kinetic curves were then fit using the F-W twostep kinetic model (Watzky et al., 1997). As aforementioned, the F-W kinetic model uses
two pseudo-elementary steps to describe the mechanism of nanoparticle formation, as can
be seen in Equation 1 and 2 of Scheme 2. The overall rate law for the mechanism
(Equation 3 of Scheme 2) is integrated using the mass balance equation (Equation 4 of
Scheme 2). The integrated rate laws were used for both kinetic curves: the formation of
the silver shell (B) and the consumption of the silver precursor (A), Equation 5 and 6 of
Scheme 2, respectively. The kinetic curves were fit to the integrated rate laws, and the k1,
k2, and R2 values were obtained for each silver precursor concentration. The curves with
their applied fits can be seen in Figures 4.13 through 4.16, and the corresponding fit data
is summarized in Tables 2 through 5.
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Scheme 2. F-W two step kinetic model, and the subsequent integrated rate
law(s), in which A is the metal precursor and B is the reduced metal atom on
the surface of the metal nanoparticle.
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Figure 4.13. The experimental kinetic curves, (a) UV-Visible and (b) AA, for silver shell
depositions with a silver concentration of 0.1 mM. The parameters associated with the
curve fits are outlined in Tables 2 and 3.
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Figure 4.14. The experimental kinetic curves, (a) UV-Visible and (b) AA, for silver shell
depositions with a silver concentration of 0.5 mM. The parameters associated with the
curve fits are outlined in Tables 2 and 3.
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Figure 4.15. The experimental kinetic curves, (a) UV-Visible and (b) AA, for silver shell
depositions with a silver concentration of 1.0 mM. The parameters associated with the
curve fits are outlined in Tables 2 and 3.
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Figure 4.16. The experimental kinetic curves, (a) UV-Visible and (b) AA, for silver shell
depositions with a silver concentration of 2.0 mM. The parameters associated with the
curve fits are outlined in Tables 2 and 3.
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Table 2
k2 values corresponding to set k1 values for the kinetic curves obtained by
following the LSPR absorbance as a function of time for silver concentrations of
0.1, 0.5, 1.0, and 2.0 mM.
[Ag], mM
0.1
0.5
1.0
2.0
k1 value not
set
0.1
0.5
1.0
2.0
With a set
value of k1=0
s-1
0.1
0.5
1.0
2.0
With a set
value of
k1=0.01 s-1
0.1
0.5
1.0
2.0

[A]0,AU
(k1 not
set)
0.010
0.793
1.77
3.08

Error,
AU

[B]0, AU

Error, AU

0.007
0.047
0.059
0.081

0.053
0.078
0.045
0.134

0.006
0.041
0.036
0.060

k2, AU-1s-1 (k1
not set)

Error,
AU-1s-1
18.5
0.30
0.08
0.16
Error, s-1

0.05
0.15
0.07
0.15

-----

-----

-----

-----

18.5
0.20
0.08
0.34
k1, s-1 (Value
not set)
7.71
0.27
0.24
0.49

0.096
0.716
1.57
2.85

0.007
0.040
0.066
0.088

0.056
0.144
0.187
0.312

0.006
0.037
0.045
0.067

0.34
0.81
0.66
1.29

18.6
0.13
0.02
0.05

1

0.097
0.719
1.57
2.85

0.006
0.040
0.065
0.088

0.056
0.142
0.183
0.310

0.006
0.037
0.045
0.066

0.29
0.79
0.64
1.27

0.05
0.15
0.07
0.15
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Table 3
k2 values corresponding to set k1 values for the kinetic curves obtained by
following the silver concentration as a function of time for silver concentrations of
0.1, 0.5, 1.0, and 2.0 mM.
[Ag], mM
With a set
value of k1=
0 s-1
0.5
1
2
With a set
value of k1=
0.10 s-1
0.5
1
2
With a set
value of k1=
1.00 s-1
0.5
1
2

[A]0, ppm

Error, ppm

[B]0, ppm

Error, ppm

k2, ppm1 -1
s

Error, ppm1 -1
s

47.34
76.61
200.65

13.26
6.76
3.64

270.67
30.72
56.71

1901.61
25.52
17.22

173.25
70.29
107.85

992.04
11.26
3.62

47.28
76.61
200.65

13.26
6.76
3.64

259.57
30.72
56.72

1778.31
25.52
17.22

167.46
70.19
107.76

167.46
11.26
3.62

47.57
76.61
200.65

13.25
6.76
3.64

321.27
30.71
56.71

2503.70
25.52
17.23

198.23
69.28
106.85

1304.09
11.26
3.62

For each of the curve fits monitoring the absorbance as a function of time, k1 was
initially set without a specified k1 value (Table 2). However, for the curve fits following
the silver concentration as a function of time, when k1 was not fixed, the error associated
with each of the calculated values was very large. This error was the result of an
interdependency of one between the k1 and k2 calculated values. Mathematical
interdependency describes how the amount the change in one variable is compensated for
by the change in another variable without impacting the quality of the fit. The high
degree of dependency between the k1 and k2 values meant that any change in one
compensated for the other with little to no change in the actual curve fit, which results in
larger error. Because of this dependency the k1 values were set for both the absorbance
versus time and silver concentration versus time curve fits. The specified values for the
absorbance versus time k1 value were 0 and 0.01AU-1s-1, which were chosen due to their
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initial proximity to a zero incidence of nucleation with k1=0 and then subsequent orders
of magnitude of approximately 1/1000th and 1/100th times the calculated k2 values. The
k1 values for the curve fits following the silver ion concentration as a function of time
were selected in a similar way with values of 0, 0.1, and 1.0 ppm-1s-1 respectively. For the
0.1 mM silver concentration kinetic curves would need to be expanded as “reaction
completing fractions” to be curve fitted and were not included in the text. The quality of
these fits was measured both visually and in terms of their adjusted R2 values (Tables 4
and 5). Additionally, the error attributed with the rate constant values obtained from the
curve fits were taken into consideration to further determine the quality of the curve fits.
Table 4
The R2 values attributed to each of the absorbance vs. time curve fits, and
k1 values that were associated with each of these fits.
k1value, s-1

0.1 mM

0.5 mM

1.0 mM

2.0 mM

Not set

0.96907

0.97856

0.99476

0.99657

0.00

0.95952

0.96531

0.9772

0.98888

0.01

0.97188

0.9739

0.97819

0.98907

Table 5
The R2 values attributed to each of the silver ion concentration vs. time
curve fits, and k1 values that were associated with each of these fits.
k1value, s-1
0.00
0.10
1.00

0.5 mM
0.9706
0.9706
0.9706

1.0 mM
0.99298
0.99298
0.99298

2.0 mM
0.9988
0.9988
0.9988

A second set of curve fits was completed in which the B0 value was calculated
from the initial absorbance at 400 nm for the LSPR versus time kinetic curve, or
concentration of gold and the concentration of silver ion versus time kinetic curve. The
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B0 value was fixed to the calculated value, and the fit was completed with both a free k1
value and a fixed k1 value of 0.00 s-1. For the LSPR absorbance versus time kinetic curve
fits (Table 6), the free and fixed value k1 curve fits yielded different k2 values, with larger
k1 than k2 values. Moreover, the curve fits with the fixed k1=0 s-1 exhibited lower R2
values relative to the free k1 curve fits (Table 8). For the silver ion concentration versus
time kinetic curve fits (Table 7), the free and fixed k1 value curve fits yielded different k2
values, with larger k1 values than k2 values. Unlike the LSPR absorbance versus time
kinetic curves, the R2 values were closer between the two fits (Table 9). Additionally, by
fixing the B0 values, the interdependency between k1 and 2 was reduced in comparison to
the silver ion concentration versus time kinetic curves with the free B0 value. However, it
is important to note that the results are similar to the previous kinetic curves with the free
B0 value.
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Table 6
k2 values corresponding to set B0 and k1 values for the kinetic curves obtained
by following the LSPR absorbance as a function of time for silver
concentrations of 0.1, 0.5, 1.0, and 2.0 mM.

0.003

[B]0, AU
(Fixed)
0.053

k2, AU-1 s-1 (k1
not set)
-8.25

0.797

0.019

0.074

0.19

0.26

1.0

1.789

0.038

0.031

0.07

0.06

2.0
k1 value
not set
0.1

3.15

0.051

0.066

0.11
Error, s-1

--

--

--

0.25
k1, s-1 (Value
not set)
8.43

0.5

--

--

--

0.28

0.11

1.0

--

--

--

0.25

0.01

--

--

--

0.53

0.02

[Ag],
mM
0.1

[A]0, AU (k1
not set)
0.100

0.5

2.0

Error, AU

-1

Error, AU-1 s-1
17.57

17.61

1

k1=0 s
0.1

0.010

0.003

0.053

0.37

0.04

0.5

0.776

0.024

0.074

1.20

0.12

1.0

1.65

0.093

0.031

1.14

0.08

2.0

3.00

0.121

0.066

2.33

0.21
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Table 7
k2 values corresponding to set k1 values for the kinetic curves obtained by
following the silver concentration as a function of time for silver
concentrations of 0.1, 0.5, 1.0, and 2.0 mM.

1086.90

[B]0, ppm
(Fixed)
6.44

k2, ppm-1s-1
(k1 not set)
-1.20

Error, ppm-1
s-1
8.16

0.1

[A]0, ppm
(k1 not set)
10.58

0.5

46.98

14.28

30.64

0.23

2.02

1.0

76.66

6.79

12.84

3.07

4.44

2.0
k1 value not
set
0.1

200.66

3.65

26.97

1.97
Error, s-1

--

--

--

3.10
k1, s-1 (Value
not set)
21.65

0.5

--

--

--

42.67

11.83

1.0

--

--

--

55.48

4.17

--

--

--

92.29

5.80

2.38
41.70
70.07
193.89

0.28
3.21
2.13
3.11

6.44
30.64
12.84
26.97

18.84
50.75
63.83
112.90

2.85
8.23
4.33
4.83

[Ag], mM

2

Error, ppm

1168.41

-1

k1=0 s
0.1
0.5
1.0
2.0

Table 8
The R2 values attributed with each of the absorbance vs. time curve fits with a
fixed B0 value, and k1 values that were associated with each of these fits
k1 value, s-1

0.1 mM

0.5 mM

1.0 mM

2.0 mM

Not set

0.97341

0.98159

0.99531

0.99645

0.00

0.96317

0.9524

0.9203

0.96023

Table 9
The R2 values attributed with each of the silver ion concentration vs. time
curve fits with a fixed B0 value, and k1 values that were associated with each of
these fits
k1 value, s-1

0.1 mM

0.5 mM

1.0 mM

2.0 mM

Not set

0.98509

0.9706

0.99298

0.9988

0.00

0.97987

0.97448

0.99265

0.99778

66
Controls
A control was completed by comparing the silver shell deposition on gold seeds
to a standard silver nanoparticle synthesis. This was completed by reacting equivalent
concentrations of silver and Na3Ct, both with and without the gold seeds. The reaction
progress was monitored as a function of time using UV-Vis and AA spectroscopy. As can
be seen in Figure 4.17, the UV-Vis spectra corresponding to the silver nanoparticle
synthesis without the addition of the gold seeds exhibits a very broad LSPR band with a
maximum at 420 nm. This is in contrast with the silver shell deposition in the presence of
gold seeds, which exhibits the two characteristic, core-shell LSPR bands that merge to
form a single, narrow LSPR band with an absorbance maxima of 400 nm as the shell
thickness increases. Moreover, the kinetic curves indicate a distinctive induction period
for the silver nanoparticle synthesis without the addition of gold seeds that is attributed to
silver nuclei formation (Figures 4.18 and 4.19). The silver shell deposition in the
presence of the gold seeds does not exhibit this same induction period. Finally, the
reaction time associated with the silver nanoparticle formation without gold seeds is in
excess of 30 minutes, whereas the reaction time associated with the silver-shell
deposition is completed around 8 minutes.
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Figure 4.17. UV-Vis spectra, taken of silver nanoparticle formed in the absence of gold
seeds with a silver concentration of 0.5 mM.
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Figure 4.18. Absorbance at 400 nm monitored as a function of time for the formation of
silver nanoparticles in the absence of gold seeds with a silver concentration of 0.5 mM.
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Figure 4.19. Silver concentration monitored as a function of time formation of silver
nanoparticles in the absence of gold seeds with a silver concentration of 0.5 mM.
Biosensing Applications for Both Citrate and
Plant-Based Antioxidants
Silver Shell Growth in the
Presence of Citrate
The final phase of this research examined the possible biosensing application of
gold-silver core-shell nanoparticles. In this phase, the LSPR bands associated with goldcore, silver-shell nanoparticles were observed over a wide range of silver shell
thicknesses. The change in LSPR upon increasing silver shell thicknesses was monitored
for clear indications of linearity, specifically in either of the two LSPR modes’ respective
shift or growth.
Experimental results. The results of this study indicated that for relatively thin
silver shell thicknesses with silver concentrations of 0.01 mM to 0.1 mM, the blue shift in
the LSPR peak at 520 nm provides a unique indication of the silver shell deposition
(Figures 4.20 and 4.21). This was also compared to the change in absorbance at both 400
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and 460 nm (Figures 4.22 and 4.23). However, beyond a silver concentration of 0.1 mM,
the growth of the second LSPR peak associated with the silver shell was the only
depiction of the silver shell thickness and proved to be linear over a wider range of
concentrations (Figures 4.24 and 4.25).
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Figure 4.20. 0.01 – 0.1 mM silver concentrations for silver shell deposition, deposited in
0.01 mM silver concentration increments.
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Figure 4.21. LSPR shift associated with the spectra in Figure 4.20 0.01 – 0.1 mM silver
concentrations for silver shell deposition, deposited in 0.01 mM silver concentration
increments. Additional error is attributed to UV-Vis spectrophotometer resolution of plus
or minus one nm.
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Figure 4.22. Change in absorbance at 400 nm as a function of silver concentration
associated with the spectra in Figure 4.20, 0.01 – 0.1 mM silver concentrations for silver
shell deposition; deposited in 0.01 mM increments.
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Figure 4.23. Change in absorbance at 460 nm as a function of silver concentration
associated with the spectra in Figure 4.20, 0.01 – 0.1 mM silver concentrations for silver
shell deposition, deposited in 0.01 mM increments.
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Figure 4.24. 0.1 – 1.0 mM final silver concentrations for silver shell deposition,
deposited in 0.1 mM silver concentration increments.
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Figure 4.25. Change in absorbance at 400 nm as a function of silver concentration
associated with the spectra in Figure 4.24, 0.1 – 1.0 mM silver concentrations for silver
shell deposition; deposited in 0.1 mM increments.
Peak deconvolution analysis. For the 0.01 – 1.0 mM sequential silver-shell
deposition syntheses, a peak deconvolution analysis was conducted on the UV-Vis
spectra in Figure 4.20. Two possible peaks were determined by the software, and it was
observed that both the short wavelength and long wavelength LSPR peaks exhibited a
blue shift as the silver-shell thickness increased (Figures 4.26 and 4.27). Additionally,
this process did not indicate a clear and linear increase in the absorbance as would be
expected from a growing, but stationary, LSPR peak. Rather, the analysis indicated that
the increase in absorbance is most likely the result of two contributing factors, the first
being the increase in absorbance for both of the gold-silver, core-shell LSPR peaks, and
the second being the distinctive shift in the two gold-silver, core-shell LSPR peaks upon
the silver shell deposition.
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Figure 4.26. The results of the peak deconvolution conducted on the spectra in Figure
4.20, showing the blue-shift in the LSPR peak at the longer wavelength as a function of
the silver concentration.
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Figure 4.27. The results of the peak deconvolution conducted on the spectra in Figure
4.20, showing the blue-shift in the LSPR peak at the shorter wavelength as a function of
the silver concentration.
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Silver Shell Growth in the Presence
of Plant-Based Antioxidants
The next component of phase three involves the application of these methods for
possible biosensing. Here four plant-based polyphenols were used as the analytes:
quercetin, rutin, baicalien, and catechin. These analytes acted as the reducing agent
towards the deposition of a silver shell, which was monitored using UV-Vis
spectroscopy. The increase in absorbance associated with the formation of the LSPR peak
at 400 nm, and the blue-shift of the LSPR peak at 520 nm, were monitored to follow the
silver shell deposition.
Rutin. The concentration range of rutin used was 0.1-150 𝜇M (Figure 4.28) and it
can be observed that the growth of the LSPR peak at 400 nm is linear over a range of 20100 𝜇M (Figure 4.29). The shift in the LSPR peak around 520 nm is also linear, with
some error that is attributed to UV-Vis spectrophotometer resolution, in the range of 1-25
𝜇M (Figure 4.30). The rutin control (Figure 4.31), in which rutin was added to the gold
seed solution without the addition of silver, indicated that rutin absorbs at 400 nm. The
growth in the LSPR peak at 400 nm for the control was compared to the growth of the
core-shell LSPR peak at 400 nm; this was done by subtracting the control absorbance
from the core-shell absorbance at 400 nm (Figure 4.32), which indicated that the result of
the subtracted spectra was linear over the same rutin concentrations as the core-shell
nanoparticles. There was not a shift in the LSPR peak at 520 nm for the control (Figure
4.33).
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Figure 4.28. UV-Vis spectra corresponding to silver shell deposition by rutin between the
concentration range of 0.1 to 150 𝜇M.
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Figure 4.29. Absorbance as a function of the rutin concentration, with the rutin baseline
absorbance taken into account, corresponding to the spectra in Figure 4.28 and was
demonstrated to be linear within the range of 20 to 100 𝜇M.
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Figure 4.30. Shift in the LSPR lambda max at 520 nm as a function of the rutin
concentration corresponding to the spectra in Figure 4.28, and was demonstrated to be
linear within the range of 1 to 25 𝜇M. Error of plus or minus one nm is attributed to the
resolution of the UV-Vis spectrophotometer.
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Figure 4.31. Rutin control, in which rutin was added to the gold seed solution without the
addition of silver.
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Figure 4.32. The plots of absorbance at 400 nm versus rutin concentration for the rutin
control and the core-shell LSPR. The results of the control plot subtracted from the coreshell plot are shown.
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error is attributed to UV-Vis spectrophotometer resolution of plus or minus one nm.
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Quercetin. The concentration range of quercetin was 0.1-150 𝜇M (Figure 4.34).
As shown in Figure 4.35, the growth of the LSPR peak at 400 nm is linear over a range of
1-150 𝜇M. The shift in the LSPR mode at 520 nm is also linear over the range 10 to 25
µM (Figure 4.36), with some error that is attributed to UV-Vis spectrophotometer
resolution. The quercetin control (Figure 4.37) shows that quercetin absorbs at 325 nm.
The growth in the LSPR peak at 400 nm for the control was compared to the growth of
the core-shell LSPR peak at 400 nm, this was done by subtracting the control absorbance
from the core-shell absorbance at 400 nm (Figure 4.38), which indicated that the result of
the subtracted spectra was linear over the same quercetin concentrations as the core-shell
nanoparticles. There was not a shift in the LSPR peak at 520 nm for the control (Figure
4.39).
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Figure 4.34. UV-Vis spectra corresponding to silver shell deposition by quercetin
between the concentration range of 0.1 to 150 𝜇M
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Figure 4.35. Absorbance as a function of the quercetin concentration, with the quercetin
baseline absorbance taken into account, corresponding to the spectra in Figure 4.34, and
was demonstrated to be linear within the range of 1 to 150 𝜇M.
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Figure 4.36. Shift in the LSPR lambda max at 520 nm as a function of the quercetin
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Figure 4.37. Quercetin control, in which quercetin was added to the gold seed solution
without the addition of silver.
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Figure 4.38. The plots of absorbance at 400 nm versus quercetin concentration for the
quercetin control and the core-shell LSPR, and the results of the control plot subtracted
from the core-shell plot.
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Baicalein. The concentration range of baicalein was 0.1-150 𝜇M (Figure 4.40).
As shown in Figure 4.41, the growth of the LSPR peak at 400 nm is linear over a range of
5-150 𝜇M. The shift in the LSPR mode at 520 nm is also linear over the range 25 to 150
µM (Figure 4.42), with some error that is attributed to UV-Vis spectrophotometer
resolution. The baicalein control (Figure 4.43) shows that baicalein absorbs around 400
nm. The growth in the LSPR peak at 400 nm for the control was compared to the growth
of the core-shell LSPR peak at 400 nm, this was done by subtracting the control
absorbance from the core-shell absorbance at 400 nm (Figure 4.44), which indicated that
the result of the subtracted spectra was linear over the same baicalein concentrations as
the core-shell nanoparticles. There was not a shift in the LSPR peak at 520 nm for the
control (Figure 4.45).
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Figure 4.40. UV-Vis spectra corresponding to silver shell deposition by baicalein
between the concentration range of 0.1 to 150 𝜇M.
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Figure 4.41. Absorbance as a function of the baicalein concentration, with the baicalein
baseline absorbance taken into account, corresponding to the spectra in Figure 4.40, and
demonstrated to be linear within the range of 5 to 150 𝜇M
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Figure 4.43. Baicalein control, in which baicalein was added to the gold seed solution
without the addition of silver.
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Figure 4.44. The plots of absorbance at 400 nm versus baicalein concentration for the
baicalein control and the core-shell LSPR, and the results of the control plot subtracted
from the core-shell plot.
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Figure 4.45. The shift in the LSPR absorbance maximum around 520 nm for both the
baicalein control and the baicalein deposited silver-shell, gold core nanoparticles.
Additional error is attributed to UV-Vis spectrophotometer resolution of plus or minus
one nm.
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Catechin. The concentration range of catechin was 0.1-150 𝜇M (Figure 4.46). As
shown in Figure 4.47, the growth of the LSPR peak at 400 nm is linear over a range of
10-100 𝜇M. The shift in the LSPR mode at 520 nm is also linear over the range 5 to 50
µM (Figure 4.48), with some error that is attributed to UV-Vis spectrophotometer
resolution. The catechin control (Figure 4.49) shows that catechin absorbs around 420
nm. The growth in the LSPR peak at 400 nm for the control was compared to the growth
of the core-shell LSPR peak at 400 nm, this was done by subtracting the control
absorbance from the core-shell absorbance at 400 nm (Figure 4.50), which indicated that
the result of the subtracted spectra was linear over the same catechin concentrations as
the core-shell nanoparticles. There was not a shift in the LSPR peak at 520 nm for the
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control (Figure 4.51).
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Figure 4.46. UV-Vis spectra corresponding to silver shell deposition by catechin between
the concentration range of 0.1 to 150 𝜇M.
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Figure 4.47. Absorbance as a function of the catechin concentration, with the catechin
baseline absorbance taken into account, corresponding to the spectra in Figure 4.46, and
demonstrated to be linear within the range of 20 to 100 𝜇M
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Figure 4.49. Catechin control, in which catechin was added to the gold seed solution
without the addition of silver.
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Figure 4.50. The plots of absorbance at 400 nm versus catechin concentration for the
catechin control and the core-shell LSPR, and the results of the control plot subtracted
from the core-shell plot.
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Figure 4.51. The shift in the LSPR absorbance maximum around 520 nm for both the
catechin control and the catechin deposited silver-shell, gold core nanoparticles.
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CHAPTER V
DISCUSSION AND CONCLUSSION
The LSPR properties associated with gold-core, silver-shell nanoparticles are
known to exhibit very unique optical characteristics (Amendola et al., 2017). The purpose
of the research covered in this study was to probe the deposition of a silver shell onto a
gold core as a potential biosensing technique. In order to examine the viability of the
silver-shell deposition onto a gold core as a biosensing technique, several key factors
were identified. These factors were: (1) the silver shell deposition needed to be
reproducible, with the gold seeds being effectively synthesized into reasonably
monodisperse and consistent preparations that exhibit predictable surface chemistry; (2)
the silver shell deposition needed to be an isolated kinetic event that would lead to a
quantifiable response; and (3) the silver shell needed to be efficiently and quantitatively
deposited by biological reducing agents. Each of these goals corresponded to a different
phase within this work; there were a total of three phases.
Gold Seed Synthesis and Purification
Gold Seed Synthesis
The purpose of phase one was to find and use a reliable method for gold seed
preparation. The Turkevich synthesis method was chosen because of its reliability,
simplicity, and the extensive amount of previous research on the method (Kumar et al.,
2007). Initially, in an attempt to minimize the amount of excess Na3Ct in the gold seed
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solution, a ratio of 1:1 Na3Ct : chloroauric acid was used. It was found, however, that
there was a large variation associated with the gold nanoparticle syntheses, as indicated
by the standard deviation of the LSPR absorbance maximum (Table 1). Moreover, the
variation was extended to the silver shell deposition, as indicated by the standard
deviation of plus or minus 25 minutes in the silver shell reduction time (Table 1). It is
likely, as previously studied by Jain and coworkers (2006), that this variation in the LSPR
band maximum was the result of a variation in the gold nanoparticle size. Based on the
work conducted by Kumar and coworkers (2007), the Na3Ct : chloroauric acid ratio was
adjusted to 2.5 : 1 in an attempt to allow Na3Ct to be the excess reagent and to obtain a
more monodisperse gold nanoparticle population. As can be seen in Table 1, the change
was marked with a drastic reduction in the standard deviation associated with both the
gold LSPR absorbance maximum and the silver shell deposition time. It should also be
noted that the silver shell reduction time became significantly shorter, and that the
wavelength of the absorbance maximum associated the formation of the core-shell
structure shifted from 420 to 400 nm. Both of these features are indications of the
formation of gold-core, silver-shell nanoparticles, as opposed to independent silver
nanoparticle formation.
Gold Seed Purification
With the increase in the Na3Ct : chloroauric acid ratio, Na3Ct became the excess
reagent. It is important to note that Na3Ct, in addition to being the reducing agent, also
serves as the stabilizing agent and is essential for the stability of the gold seeds. In
general, the Na3Ct citrate necessary to stabilize the gold seeds remains adsorbed on the
surface. However, as was described by Al-Johani and coworkers (2017), the surface
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chemistry of the gold seeds is to some extent dependent upon the Na3Ct concentration.
The second component of phase one was thus to establish an effective method for the
removal of the excess Na3Ct that is unnecessary for the stability of the gold seed solution.
It is also important to note that Na3Ct, while being a major component in the stabilization
of the gold seeds, is not the only one. The oxidative byproduct of Na3Ct,
dicarboxyacetone (DCA), can also act as a capping agent on the surface of the gold seeds.
The centrifugation-based washing method was selected for the removal of excess
Na3Ct from solution (La Spina et al., 2017). It can be noted in Figure 4.1 that some seed
concentration is lost after each subsequent wash. However, the loss in seed concentration
is not proportionate with the number of washes, as can be seen in Figure 4.2. While the
first two washes indicated a relatively small loss in the overall gold nanoparticle
concentration, after two washes the loss of gold seeds became more substantial. When
compared to the change in sodium concentration as a function of the number of washes,
as shown in Figure 4.4, one can conclude that the majority of the excess Na3Ct was
removed in two washes. Beyond this point, the Na3Ct that is removed is likely essential
for the stability of the gold seeds. Indeed, as the Na3Ct adsorbed onto the gold seeds is
being removed, aggregation begins to occur. This would explain the significant loss in
gold seed concentration after the third wash. The occurrence of aggregation is also
indicated by the UV-Visible spectra in Figure 4.1, which show a widening of the LSPR
absorbance band for the gold seeds after three washes, as well as an increased absorbance
baseline beyond 700 nm.
A control was performed to confirm that any remaining Na3Ct would not reduce
silver onto the gold seeds. As measured by AA spectroscopy (Figure 4.5), there was no
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indication of silver reduction (i.e., no loss of silver ions). There was a slight shift in the
LSPR absorbance maximum in UV-Visible spectra (Figure 4.6) as the solution began to
boil; this shift is likely the result of silver nitrate being integrated into the hydrodynamic
surfactant layer surrounding the gold seeds. Also, it can be noted that as the time elapsed,
significant aggregation began to occur, as was apparent in the increase of the width of the
LSPR band and baseline beyond 700 nm. The suspected aggregation is likely the result of
a substitution occurring between the nitrate and the Na3Ct ions in the stabilizing layer
around the nanoparticles. The nitrate ion is unable to stabilize the gold seeds, and as a
result they begin to aggregate.
Effect of Gold Seed Purification on
Kinetics of Silver Shell Deposition
Here, probes were conducted to monitor the kinetic implications of the washing
procedure on the silver shell deposition. It was noted that the silver deposition time was
reduced by half for the washed nanoparticles (Figures 4.9 and 4.10). There was also a
brief lag phase in the LSPR absorbance versus time kinetic curve for the unwashed gold
seeds (Figure 4.9) that had not been apparent in the silver ion concentration versus time
kinetic curve. For the washed gold seeds, no lag phase was observed in the LSPR
absorbance versus time kinetic curve. It is presumed that the apparent lag phase in the
absorbance kinetic curve for the unwashed gold seeds is the result of a red-shift
associated with the extraordinary, core-shell LSPR mode (vide supra). This reduction in
the silver shell deposition time for the washed nanoparticles is likely the result of less
crowding on the surface of the gold seeds that allows the silver ions to access the surface
more easily before being reduced. Overall, the shorter reaction time is favorable for the
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purpose of this study; it further supports the growth of the silver shell as opposed to
independent silver nucleation.
Monitoring of the Silver Shell Deposition
Core-Shell Au-Ag Nanoparticle
Characterization
As stated earlier, the first purpose of the second phase was to confirm the
deposition of a silver shell onto the gold core. This was completed by comparing the UVVis spectra of the core-shell nanoparticles synthesized with different silver
concentrations.
It was noted that as the silver shell was deposited onto the gold core, there was a
distinctive blue-shift in the LSPR mode at 520 nm and the growth of a second LSPR peak
at 400 nm (Figure 4.11). These results matched previous studies, both experimental (Lu
et al., 2012) and theoretical (Zhang et al. 2015), as can be seen in Figures 2.5 and 2.9b,
respectively. In addition, SEM-EDS was used to image the gold-core, silver-shell
nanoparticles. The imaging resolution of the SEM was too low to measure nanoparticle
size. In addition, we were unable to distinguish between individual nanoparticles and
aggregates; there is a good chance that the high-density spots on the image (Figure 4.12)
were the result of aggregation. These aggregates could have resulted from the synthesis
itself, but it is more likely they would have formed during the drying step of the SEM
sample preparation. The EDS spectroscopy was used to obtain the atomic composition of
the high density spots; the results indicated that both gold and silver were present within
a single spot (Figure 4.12). The high density spots may have been the result of both
individual gold and silver nanoparticles aggregated together; however it is more likely
that these spots were small aggregates of individual gold-core, silver-shell nanoparticles.
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Kinetics of Core-Shell Formation
The second part of phase two was designed to examine the kinetics of deposition
of the silver shell onto the gold core. As was previously discussed, there is reasonable
indication that gold-silver, core-shell nanoparticles form as a result of the Na3Ct-based
reduction of silver ions in the presence of gold seeds. However, we were looking for a
more distinctive indication of the exclusive formation of a silver shell onto the gold-cores
over the formation of independently-nucleated silver nanoparticles. The kinetics of silver
ion reduction were thus examined. The F-W kinetic model (Scheme 2) was applied to the
kinetic curves obtained from LSPR absorbance and AA spectroscopy (Figures 4.13 to
4.16), in an attempt to distinguish between shell growth and independent nucleation. (A
biosensing application using the deposition of a silver shell onto a gold seed would
demand that there is not a competing route for the silver reduction via independent
nucleation, as a competing route would detract from the quantifiable signal and introduce
a source of error in the detection method.)
The kinetic curves corresponding to this portion of the study can be seen in Figure
4.13 to 4.16. In order to obtain a sufficient number of data points for the curve fit
analysis, each synthesis was completed in duplicate, and the data was subsequently
combined. Integrated rate laws (Equations 5 and 6 in Scheme 2) were used to fit the
kinetic curves, in which the rate law integrated for A fits the kinetic curve following the
silver ion concentration as a function of time, and the rate law integrated for B fits the
kinetic curve following the LSPR absorbance as a function of time. In the F-W kinetic
model, the metal nanoparticle formation is represented by two pseudo-elementary steps.
The first step and its pseudo-elementary rate law (Equation 1, Scheme 2) accounts for
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slow, continuous nucleation, with a rate constant k1. The second step and its pseudoelementary rate law (Equation 2, Scheme 2) accounts for fast, autocatalytic surface
growth, with a rate constant k2. It is important to note that nucleation is the slow step
(k1<< k2) and is generally distinguishable as a lag period within the kinetic curve only in
in the absence of growth.
The k2 values determined using both the indirect, LSPR absorbance and direct,
AA spectroscopy kinetic monitoring of the silver shell deposition are reported in Tables 2
and 3, respectively.
In initial attempts where the k1 values were not set, we noted that the curve fits on
the direct (AA) kinetic curves had errors for k1 and k2 that exceeded the calculated values
by several orders of magnitude. This error was determined to be the result of a high
degree of dependency between the k1 and k2 variables, which means that as one variable
changed the other would change by an equivalent amount and the fit of the curve would
remain the same. As a result of this dependency, the k1 values were fixed to set values for
the direct (AA) kinetic curves, and both fixed and unfixed to set values for the indirect
(LSPR) kinetic curves. We first fixed the k1 values at 0 for both the indirect (LSPR) and
direct (AA) kinetic curves, which represents a growth-only process for the reduction of
the silver to form the silver shell. The adjusted R2 values in Tables 4 and 5 for both the
indirect and direct kinetic curves indicate that this initial fit was reasonable, especially for
greater silver concentrations, which could be due to minimized measurement error. We
subsequently set k1 values to be within several orders of magnitude smaller than the k2
values for both the direct and the indirect kinetic curves. The resulting curve fits for the
indirect kinetic curves (LSPR) indicated that there was an increase in the adjusted R2
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value as the k1 value increased (Table 4). The resulting curve fits for the direct kinetic
curves (AA) maintained identical adjusted R2 values (Table 5), but the k2 adjusted
proportionally to the increase in the k1 value (Table 3), thus demonstrating the degree of
dependency between the k1 and k2 variables. As a result, the best fit was obtained when
k1 was set to 0, because the expression is simplified to consider only the growth of the
silver shell.
A second curve fit was conducted on both the LSPR absorbance versus time and
the silver ion concentration versus time kinetic curves, with a fixed B0value. The B0 value
was obtained from the absorbance at t = 0 s for the LSPR absorbance versus time kinetic
curves (Table 6) and the approximate concentration of the gold seeds for the silver ion
concentration versus time kinetic curves (Table 7). It was noted that upon fixing the B0
value, the dependency between k1 and k2 was reduced. However, when the k1 value was
not fixed, the corresponding k2 value was much smaller than the calculated k1 value,
which does not closely follow the physical model. The R2 values for each of the curve fits
indicate that the free k1 fit is better than the k1=0 s-1 for the LSPR absorbance versus time
kinetic curves (Table 8). There is a similar, but not as significant, trend for the silver ion
concentration versus time kinetic curves (Table 9).
The results obtained from the curve fitting analysis do not disprove the presence
of a silver nucleation event; however they do support the existence of the silver shell
growth. As can be seen with the curve-fits, the nucleation event is most likely hidden by
the predominant growth mechanism. The full analysis would require the quantification of
the formation of nuclei as the reaction progresses that can only be measured by complex,
small-angle X-ray scattering (SAXS) measurements, which are not accessible to us.
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Controls
In order to confirm that the kinetic curves (Figure 4.13-4.16) mostly follow the
growth of the silver shell, not independent silver nucleation, a control experiment was run
for silver nanoparticle synthesis in the absence of gold seeds (Figures 4.17 -4.19). The
kinetic curves here display a lag phase that is typical of nucleation (Figures 4.18 and
4.19), and were distinctly different from the kinetic curves collected in the presence of
gold seeds (Figures 4.13-4.16). These results confirm that any nucleation event is masked
by the growth of the silver shell and does not noticeably impact the change in absorbance
related to the deposition of the silver shell, and that the deposition of the silver shell onto
the gold core is the predominant consumer of the silver precursors in solution.
The work covered within phase two provides further evidence that the silver shell
growth onto a gold core could be used for biosensing applications.
Biosensing Applications for Both Citrate and
Plant-Based Antioxidants
The final phase of this study examined the LSPR characteristics as the silver shell
was deposited onto the gold core over a range of silver shell thicknesses (as determined
by the initial silver ion concentrations). The specific LSPR characteristics were then
applied to the detection of four, plant-based antioxidants.
Silver Shell Growth in the
Presence of Citrate
There are two primary peaks associated with the formation of the silver shell onto
a gold core. The first has been identified as the ordinary mode LSPR peak and is located
at approximately 520 nm; the second is the extraordinary mode LSPR peak and is located
at approximately 400 nm. The ordinary mode LSPR peak underwent a blue shift upon
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silver shell deposition at very low silver ion concentrations of 0.01 to 0.10 mM, as can be
seen in Figure 4.20. This shift has a nearly linear trend (Figure 4.21) and it is likely that
the error is due to the 2 nm resolution of the UV-Visible spectrophotometer. Furthermore,
the change in absorbance at 460 nm is nearly linear in its increase upon the growth of the
ordinary mode LSPR peak (Figure 4.23). The absorbance at 400 nm is not linear at the
low silver ion concentrations (Figure 4.22); this is most likely due to the red-shift of the
extraordinary mode LSPR peak as the silver shell is deposited. At higher silver
concentrations, greater or equal to 0.1 mM, the ordinary mode LSPR peak is hidden by
the extraordinary mode LSPR peak, and the growth of the extraordinary peak at 400 nm
is linear as the silver shell thickness increases (Figure 4.25). These results demonstrate
that the change in absorbance related to the silver shell thickness increase is linear over a
wide range of silver concentrations, and that the shift in the ordinary mode LSPR peak is
nearly linear at very small silver shell thickness, or low silver concentrations.
These results were also analyzed with a peak deconvolution software, which
indicated that were two LSPR peaks (Figures 4.26 and 4.27). However unlike the
theoretical predictions (Zhang et al., 2015), the LSPR peak at the shorter wavelength
exhibited a blue shift as opposed to a red shift (Figure 4.27). We concluded that the peak
deconvolution software was not effective due to the shifting in the LSPR peaks attributed
to the deposition of the silver shell onto the gold core.
Silver Shell Growth in the Presence
of Plant Based Antioxidants
In order to confirm the application of the silver shell deposition onto a gold core
for the detection of a possible analyte, a “proof of concept” was used for the possible
detection of a series of plant-based polyphenols. The four plant-based antioxidants
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chosen were: rutin, quercetin, baichalein, and catechin. The studies on each of these
antioxidants were identical to one another, with an antioxidant concentration range of 0.1
– 150.0 µM for both the core-shell deposition and the control. Each of the antioxidant
studies were analyzed to identify a linear detection range using both the ordinary LSPR
absorbance at 400 nm and the extraordinary LSPR shift around 520 nm. Controls were
also conducted to identify any possible interferences from the UV-Visible absorbance of
the antioxidant, or its effect on the dielectric environment.
The rutin mediated silver shell deposition (Figure 4.28) exhibited a linear range
for the absorbance at 400 nm between 20 and 100 µM (Figure 4.29), and from 1 to 25
µM for the LSPR shift around 520 nm (Figure 4.30). Thus, it was found that the LSPR
shift is effective for the detection of lower rutin concentrations, however, the absorbance
at 400 nm is effective for a wider concentration range. Furthermore, a control was
conducted (Figure 4.31), in which rutin was added to a gold seed solution without silver.
The results of this control indicated that the absorbance at 400 nm of the core-shell
nanoparticles, after subtraction of the rutin baseline, were linear over the same
concentration range than without correction (Figure 4.32). The control also indicated that
there was no LSPR shift attributed to the presence of rutin in the gold seed solution
(Figure 4.33).
The quercetin mediated silver shell deposition (Figure 4.34) exhibited a linear
range for the absorbance at 400 nm between 1 and 150 µM (Figure 4.35), and from 10
to 25 µM for the LSPR shift around 520 nm (Figure 4.36). Thus, here it was found that
the detection method based on the absorbance at 400 nm may be more effective that the
detection method based on the LSPR shift for quercetin. Furthermore, a control was
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conducted (Figure 4.37), in which quercetin was added to a gold seed solution without
silver. The results of this control indicated that the absorbance at 400 nm of the core-shell
nanoparticles, after subtraction of the quercetin baseline, were linear over the same
concentration range as without correction (Figure 4.38). The control also indicated that
there was no LSPR shift attributed to the presence of quercetin in the gold seed solution
(Figure 4.39).
The baicalein mediated silver shell deposition (Figure 4.40) exhibited a linear
range for the absorbance at 400 nm between 5 and 150 µM (Figure 4.41), and from 25 to
150 µM for the LSPR shift around 520 nm (Figure 4.42). Thus, it was found that the
detection method based on the absorbance at 400 nm may be more effective than the
detection method based on the LSPR shift for baicalein. Furthermore, a control was
conducted (Figure 4.43), in which baicalein was added to a gold seed solution without
silver. The results of this control indicated that the absorbance at 400 nm of the core-shell
nanoparticles, after subtraction of the baicalein baseline, were linear over the same
concentration range than without correction (Figure 4.44). The control also indicated that
there was no LSPR shift attributed to the presence of baicalein in the gold seed solution
(Figure 4.45).
The catechin mediated silver shell deposition (Figure 4.46) exhibited a
linear range for the absorbance at 400 nm between 20 and 100 µM (Figure 4.47) and
from 5 to 50 µM for the LSPR shift around 520 nm (Figure 4.48). Thus, it was found that
the ranges of detection for the methods, based on both the absorbance and the LSPR shift,
were limited for catechin, which is likely an artifact of catechin’s strong absorbance
around 420 nm (Figure 4.49). Furthermore, a control was conducted (Figure 4.49), in
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which catechin was added to a gold seed solution without silver. The results of this
control indicated that the absorbance at 400 nm of the core-shell nanoparticles, after
subtraction of the catechin baseline, were linear over the same concentration range than
without correction (Figure 4.50). The control also indicated that there was no LSPR shift
attributed to the presence of catechin in the gold seed solution (Figure 4.51).
These results show that the detection of each of these antioxidants using the
deposition of the silver shell is highly variable both in the specific range and in the
method of detection (the absorbance at 400 nm or the LSPR peak shift around 520 nm),
and is primarily dependent upon the antioxidant in question. Moreover, the sensitivity of
the absorbance at 400 nm or the LSPR shift around 520 nm is dependent upon the
possible interferences associated with the analyte. In some cases, such as for the detection
of quercetin, the absorbance at 400 nm is more effective because of the minimal
interference from the UV-Visible absorbance of quercetin, and because of the wider
range over which the absorbance calibration curve is linear. However, in the instance of
baicalein or rutin detection, the UV-Visible absorbance of the antioxidant potentially
interferes with the absorbance at 400 nm, and, as such, the shift in the LSPR starting
around 520 nm may be a more effective method.
Additionally, the slope of the linear curves for the detection of these plant-based
antioxidants can be used to further examine the sensitivity of the detection method,
whether via the growth of the LSPR peak at 400 nm or the shift in the LSPR peak around
520 nm. The greater the slope, the greater the corresponding sensitivity of the method. In
general, it can be observed from the results of the antioxidant detection methods that the
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LSPR shift around 520 nm could have a comparable “slope” to the increase in LSPR
absorbance at 400 nm, depending on the limitations of the UV-Vis spectrophotometer.
Conclusion
The work covered in this study examined the deposition of a silver shell onto a
gold core as a possible sensing technique. In order to fully implicate this method as a
sensing technique, a series of criteria needed to be met. The first objective was to find a
high degree of reproducibility, which was accomplished by developing a preparation
method for the consistent synthesis of the gold cores. The second objective was to
establish that the reduction of silver in the presence of the gold cores leads to the
formation of gold-core silver shell nanoparticles; this goal was accomplished with the
comparison of LSPR spectra reported for previous work, imaging studies using the SEMEDS, and kinetic studies examining the growth of the silver shell. Finally, the third
objective was to observe characteristics in the UV-Vis spectra that were specific to the
silver shell deposition onto a gold core. This was completed by monitoring the silver
shell deposition using UV-Vis spectroscopy over a wide range of silver concentrations.
These characteristics were then applied for “proof of concept” sensing of four plant-based
polyphenol antioxidants. The novel method of monitoring the shift of the ordinary LSPR
mode with the deposition of the silver shell at low analyte concentrations was
demonstrated as a potential sensing method. In the future, this work can serve as a
“jumping off point” for more complex and clinically relevant assays in which the
formation of LSPR core-shell structures is used as the final indicator for ultra-sensitive
biosensing techniques.
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